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 ABSTRACT 
Ferroelectric materials have been found to be particularly attractive materials 
for the development of tunable microwave devices over the past few decades due to 
their distinctive characteristic that is the variation of dielectric constant as a function 
of electric field. In this research project, the work on how the finite difference 
method (FDM), a computational technique, is modified to suit the evaluation of the 
cross-sectional field distribution of a ferroelectric-based transmission line is 
presented and the results are verified. The modified FDM was employed for 
determining the effective dielectric constant (εeff) and the characteristic impedance 
(Zc) of ferroelectric-based structures where the spatial variation of dielectric constant 
was taken into consideration. 
A significant portion of this research is focused on the application of 
ferroelectric materials in designing tunable microwave devices. Two optimised phase 
shifters incorporating Barium Strontium Titanate (Ba0.5Sr0.5TiO3 or BST) ferroelectric 
thin-films are designed, fabricated and measured. One is based on simple coplanar 
waveguide (CPW) transmission line, and another is based on tapered CPW structure.  
To date, no work on tunable attenuator using ferroelectric materials has ever 
been reported, as contrary to other extensively studied ferroelectric-based tunable 
microwave devices, namely tunable resonators, filters, and phase shifters. In this 
work, a novel design of tunable attenuator integrating BST thin-films is presented 
and verified with experimental results from a similar design of tunable attenuator 
based on Roger/Duroid 6010LM substrate of dielectric constant 10.2. The 
application of ferroelectric thin-films enables continuous variation of attenuation 
under controlled bias voltages with significant size and weight reduction in the 
overall device.  
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 Chapter 1  
Introduction 
1.1 Motivation 
There has been rapid growth in communication systems including satellite, 3G 
wireless phones, ultra-wide band and optical networks over the last few decades. 
Numerous frequency standards have coexisted in different parts of the world, along 
with an increasingly congested spectrum in the microwave frequencies. Hence, in 
recent years, there has been an immense interest in developing frequency-agile 
microwave devices to allow multi-band or multi-bandwidth operation with little 
impact on the component count. The trend towards these frequency-agile 
applications often demands high-speed, light-weight, low-operation voltage, compact 
and miniaturised of devices at a lower cost with high tunability, low loss and low 
power consumption [1-4]. 
Ferroelectric materials have been found to be particularly important materials 
for the development of electrically tunable devices since the 1960s [5-7]. The change 
in the dielectric constant of ferroelectric materials as a function of electric field is the 
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key to a wide range of applications. Examples in the field of microwave engineering 
are tunable resonators, frequency-agile filters, varactors (also known as variable or 
tunable capacitors), variable power dividers/combiners, variable-frequency 
oscillators, delay lines and phase-shifters. The latter is the key component in phase-
array antennas [8-11]. 
To the best of author’s knowledge, to date, no work on tunable attenuators 
using ferroelectric materials has been done; where as other ferroelectric-based 
tunable microwave devices have been studied extensively. Hence, the main objective 
of this work is to present a novel tunable attenuator device based on Barium 
Strontium Titanate (BST) ferroelectric thin-film. Alongside this, work on how the 
finite difference method, a computational technique, is modified to suit the 
evaluation of the cross-sectional field distribution of a ferroelectrics-based 
transmission line will be presented. 
1.2 Competing Technologies for Tunable 
Microwave Devices 
Traditionally, tuning is done manually or mechanically. Fox [12] proposed the 
first manually adjustable waveguide phase shifter in 1946. Mechanical circuits are 
inexpensive, easy to fabricate and have very low loss with good power handling 
capability. However, they come in large sizes and have rather slow response speed 
and are therefore cumbersome. Today, many circuit technology options are available 
whose tunable performance is closely related to the choice of technology. These 
options essentially include semiconductors, micro-electro-mechanical systems 
(MEMS), ferrites and ferroelectric materials. The following section will briefly review 
these technologies and put emphasis on interesting possibilities offered by the use of 
ferroelectric thin-film materials. 
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1.2.1 Semiconductors 
Semiconductor switching elements such as field-effect transistors (FET), 
positive intrinsic negative (PIN) diodes and varactor diodes were first introduced in 
tunable circuits in 1960s [13, 14] and are still the dominant devices for making 
tunable circuits [15-17]. Advantages they offer are their low cost and compactness 
and their faster switching speeds, in the order of tens to few hundreds of 
nanoseconds. In addition, they can be easily integrated with monolithic microwave 
integrated circuits (MMICs). The main drawback of semiconductors in tuning 
applications is their low quality factor at microwave frequencies and typically higher 
insertion loss. Moreover, semiconductors are highly non-linear and have a lower 
power handling capability. The non-linear response of semiconductors can be of 
great importance as it is the source of inter-modulation distortion [18]. 
1.2.2 MEMS 
In the early 1990s, interest has emerged in micro-electro-mechanical systems 
(MEMS) where tunability is obtained by the physical movement of a component 
which usually changes the capacitance of the device. These devices use electrostatic 
[19, 20], piezoelectric [21] or thermal effects [22] to produce the movement. In 
general, MEMS devices offer considerable advantages over semiconductors in terms 
of performance, power handling capability and power consumption at the expense of 
slower switching speed. Typical switching speed is in the range of a few to tens of 
microseconds [23]. 
Despite a tremendous effort invested in the development of MEMS in the past 
few decades, the widespread use of MEMS has been impeded by the high cost of 
packaging and by reliability and lifetime testing issues. MEMS-based devices typically 
require hermetic packaging as the moving parts of the device tend to be very 
sensitive to the environmental conditions, such as air moisture, temperature and 
vibration [23, 24]. This significantly increases the cost over other technologies. 
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1.2.3 Ferrites 
Another technology for making tunable microwave devices is the use of agile 
materials. Among them, ferrites have been found interesting for their change in 
permeability with an applied DC magnetic field. The first electronically variable 
ferrite phase shifter was reported in 1957 [25, 26]. Unfortunately, ferrite-based 
circuits are generally large, heavy, low switching speed and have high power 
consumption. In addition, tunable ferrite devices are difficult to integrate with planar 
circuits such as microstrip and stripline. Although ferrite-based devices are bulkier, 
their excellent tuning factor and power handling capability remain unsurpassed [25, 
26]. The switching speed is in the order of tens of microseconds. 
1.2.4 Ferroelectrics 
Ferroelectric materials have been studied since the early 1960s in the field of 
microwave engineering [5-7]. However, it is only relatively recently that the 
applications in microwave devices are beginning to emerge. This recent renewed 
interest is due to the monolithically compatible processing of certain ferroelectric 
thin-film compounds with planar technologies [4, 27]. This has generated great 
interest and shows promise for the design of a new class of tunable microwave 
devices which could significantly reduce the cost of production. Contrary to ferrite 
devices, ferroelectric material-based devices take advantage of the property of the 
change in dielectric constant of ferroelectric material with an applied DC electric 
field. The dielectric constant and breakdown voltage of ferroelectric thin-films are 
intrinsically high, thus allowing increased miniaturisation and high power handling [2, 
28]. Ferroelectric-based devices are tuned much faster than ferrite, semiconductors 
or MEMS type equivalents (< 1 ns) and have a near zero power consumption, but 
suffer from lower quality factor than MEMS [15, 24]. 
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1.3 Comparison of Competing Technologies 
Various technologies mentioned in the previous section have been used for 
many frequency-agile devices. All have their pros and cons. Therefore, the choice of 
technology strongly depends on the application, in terms of system specification, 
cost, ease of integration with other technologies and reliability. A comparison of 
various competing technologies in light of the parameters typically considered in 
system design, namely tunability, quality-factor (Q-factor), power consumption, 
switching time and power handling capability, is shown in Table  1.3.1. The entries 
reflect data from different literatures [15, 23, 24, 28-31], appropriate to general-
purpose, continuously variable varactors and phase shifters, are suitable for 
microwave operation in a wide assortment of applications. 
 
 Semicond. MEMS Ferrite Ferroelectric 
Tunability High Low Very High 
Moderate to 
High 
Q-Factor 
Moderate 
30-60 
Very High 
100-1000 
High 
50-100 
Moderate 
< 100 
Power 
Consumption 
Low 
< 10 mWa 
0.05-0.1 mWb 
Low 
<< 1 µW 
High 
~10 W 
Low 
<< 1 µW 
Switching 
Time 
Fast 
1-5 nsa 
2-10 nsb 
Slow 
2-40 µsc 
200-3000 µsd 
Moderate 
10-100 µs 
Very Fast 
< 1 ns 
Power 
Handling 
High 
tens of watts 
Low 
< 50 mW 
Very High 
in kW 
High 
> 1 W 
Table  1.3.1: Comparison of various competing technologies [15, 23, 24, 28-31]. 
(a PIN Diode; b FET; c Electrostatic type; d Thermal/magnetic type) 
Ferroelectric materials are favoured for applications which require rapid, 
continuous tuning and low power consumption as they work using an electric field. 
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In addition, ferroelectric-based devices are extremely competitive in terms of cost, 
weight and size, in particular at millimetre wavelength, without a significant sacrifice 
in performance for many applications, hence making them an excellent candidate for 
low cost frequency-agile devices. 
1.4 Thesis Overview 
This thesis presents work done on a novel tunable attenuator device which 
based on a Barium Strontium Titanate (Ba0.5Sr0.5TiO3 or BST) ferroelectric thin-film 
on a Magnesium Oxide (MgO) substrate. A number of contributions to the field 
have been made during the course of this work. To the best of author’s knowledge, 
no work on tunable attenuators based on ferroelectric thin-films has been reported 
to date. The tunable attenuator in this work is realised into one integrated planar 
circuit. The properties of the ferroelectric materials (i.e. high dielectric constant) have 
allowed a significant reduction of device dimensions, weight and cost in mass 
production. Tunable attenuators has been previously designed using semiconductor 
tunable varactors in a cascade manner in order to achieve controlled attenuation in a 
similar piece of work [32]. However, the fabrication process was complicated and 
time consuming as the device required several layers of metallisation and substrates.  
Ferroelectric materials have a non-linear dielectric constant which varies with 
the application of electric field and this is the key to many frequency-agile and 
tunable microwave devices. Chapter 2 reviews the fundamentals of ferroelectric 
materials and various methods of growing and characterisation techniques. This is 
followed by a brief survey of the ferroelectric-based frequency-agile devices reported 
in the literature. 
Chapter 3 reviews various types of planar transmission lines, namely 
microstrip, coplanar waveguide (CPW) and conductor-backed coplanar waveguide 
(CBCPW). Crucial to circuit design, the closed form expression for the effective 
dielectric constant εeff and characteristic impedance Zc of each geometry incorporated 
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with ferroelectric material is presented. These expressions are derived using 
conformal mapping techniques where a quasi-static TEM (transverse 
electromagnetic) mode of propagation along the line is assumed. This section is 
supported by Appendix A and B, which presents the approximations used in the 
conformal mapping techniques and the steps involved in deriving the associated 
conductor loss of CBCPW, respectively. 
Chapter 4 discusses the work on how the finite difference method (FDM), a 
computational technique, is modified to suit the evaluation of the cross-sectional 
field distribution of a ferroelectric-based transmission line. The derivation of the 
modified FDM is presented, together with the comparison of modified FDM with 
present closed form expression in finding εeff and Zc for various types of transmission 
line. A paper has been published [33] in regards to this chapter and can be found in 
Appendix C. 
The fabrication and experimental measurement of CPW phase shifters which 
based on BST ferroelectric thin-films and MgO substrate are presented in Chapter 5. 
A DC bias voltage of up to 100 V is applied across the phase shifters which 
produced a phase shift of 105° at 20 GHz with an insertion loss of about 10.6 dB, 
giving a figure-of-merit of 14°/dB. The BST thin-films showed a tunability of ~48% 
at 3.13 V/µm. This work is carried out as a preliminary step towards using BST 
ferroelectric thin-films for designing CBCPW phase shifters, which are key 
components in the tunable attenuator described in Chapter 6. The design and the 
associated simulated response of CBCPW phase shifters are shown.  
Chapter 6 presents the application of the BST ferroelectric phase shifter in a 
tunable attenuator. This novel topology of tunable attenuator that based on BST 
ferroelectric thin-films on an MgO substrate demonstrates a continuous variation of 
attenuation by appropriate control of DC bias voltage. A new design technique has 
been developed employing the principle of constructive and destructive interference 
by integrating two tunable phase shifters in parallel to produce attenuation of the 
signal. The simulation results of the BST tunable attenuator are shown.  
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In order to verify the simulation results as well as the validity of the operation 
principle of the BST tunable attenuator, a similar design of tunable attenuator which 
based on a dielectric substrate of dielectric constant 10.2 is designed and fabricated. 
The comparison of experimental and simulation results is shown.  
Finally, Chapter 7 draws a close to this thesis with a summary and conclusions 
of the work done. The main findings and the limitations of this work are 
summarised. The application prospects of the presented tunable attenuator are 
addressed. Some suggestions of improvements and recommendations for future 
work are given.  
1.5 Conclusions 
In this introductory chapter, the motivation for this work was discussed. 
Various technologies in achieving frequency-agility in tunable microwave devices 
were reviewed and compared. Finally, an overview of the thesis was given. The next 
chapter presents the fundamentals of ferroelectric materials in terms of dielectric 
properties, various forms of ferroelectric materials and thin-film growing techniques. 
Literature on frequency-agile device using ferroelectric materials will also be 
discussed. 
  
Chapter 2  
Ferroelectric Materials and 
Tunable Microwave Devices 
2.1 Introduction 
Ferroelectrics have been studied since the early 1960s for application in 
microwave engineering [5-7]. The change in the dielectric constant of ferroelectrics as 
a function of applied electric field is the key to a wide range of applications. 
Examples in the field of microwave engineering include tunable resonators, 
frequency-agile filters, varactors, variable power dividers/combiners, variable-
frequency oscillators, delay-lines and phase shifters. The latter is the key component 
in phase-array antennas. 
Until very recently, ferroelectrics have been used in the form of bulk ceramics 
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and, where available, single crystals. The initial idea of utilising bulk ferroelectrics in 
tunable microwave devices was not very successful as very high voltage is required to 
achieve a usable tuning range [4, 34]. Furthermore, integration of bulk ferroelectrics 
in devices is cumbersome. Whilst these materials have proved a robust and reliable 
solution, producing thin layers or dimensional tolerances better than a few microns 
has proved impractical [27]. 
However, there has been a renewed interest in application of ferroelectrics for 
tunable microwave devices since the 1980s [35]. This resurgent interest is largely due 
to the advances in thin-film growth techniques and the ability to integrate 
ferroelectrics with semiconductor and ceramic technologies, and thereby dramatically 
reduce the cost of the devices. 
2.2 Ferroelectric Materials 
Ferroelectric materials belong to a class of perovskite oxide materials that 
exhibit a spontaneous electric polarisation below the Curie temperature Tc. Upon 
cooling, there is a transition from the paraelectric to the ferroelectric state at Tc, 
where the maximum dielectric constant is observed. At temperatures below Tc (i.e. in 
ferroelectric state), a spontaneous electric polarisation is present where there is a 
relative displacement of ions in ferroelectric materials; this results in a net dipole 
moment. The orientation of the dipole moment in a ferroelectric can be shifted from 
one orientation to another under the influence of an applied electric field, causing a 
change in the dielectric constant of the material [2, 15, 34, 36]. The relation between 
polarisation and applied electric field is represented by the hysteresis curve shown in 
Figure  2.2.1. In the ferroelectric state, the polarisation of ferroelectrics remains even 
in the absence of an applied electric field. In the paraelectric state, there is only 
polarisation with the application of an external electric field.  
Examples of ferroelectric materials are Barium Titanate (BaTiO3) and Barium 
Strontium Titanate (BaxSr1-xTiO3 or BST). Figure  2.2.2 shows the perovskite structure 
and electric polarisation of a unit cell BST (i.e. shifting of Ti atom) in response to  
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Figure  2.2.1: Polarisation of ferroelectric material in ferroelectric and paraelectric 
state in response to external applied electric field, showing  
(a) hysteresis, and (b) no hysteresis. 
external electric field. An operating temperature slightly above the Curie temperature 
in the paraelectric phase is normally preferred for tunable microwave devices as 
ferroelectrics in this state are free from the hysteretic effect and have moderate loss 
[15, 34]. Despite this technical distinction, ferroelectrics used in the paraelectric 
phase for tunable microwave devices are still referred to as ferroelectric materials. 
2.2.1 Dielectric Properties 
Ferroelectrics are essentially a non-linear dielectric due to their dielectric 
constant dependency with external applied electric field and temperature.  
2.2.1.1 Field Dependent Dielectric Constant 
Several ferroelectric materials are suited for integration with monolithic 
microwave integrated circuits (MMICs) and perhaps the most studied material for 
microwave application is BaxSr1-xTiO3 (BST), where x can vary from 0 to 1. BST is a  
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Figure  2.2.2: Perovskite structure and electric polarisation of a unit cell Barium 
Strontium Titanate (Ba,Sr)TiO3 in response to external applied electric field [37]. 
No electric field 
Direction of applied electric field 
 
Ba, Sr 
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composition where Barium (Ba) ions are introduced into pure Strontium Titanate 
(SrTiO3 or STO) to attempt to improve the microwave properties. Pure STO is 
particularly attractive due to its crystalline compatibility with high temperature 
superconductors (HTSs) and it is in the paraelectric state at all temperature, hence, 
there is no Curie temperature above 0 K. On the other hand, Barium Titanate (BTO) 
has a Curie temperature of about 400 K. Different composition ratio allows tailoring 
of the Curie temperature. Generally, a value of x = 0.4 – 0.6 is used to optimised its 
properties for room temperature, and a value of around x = 0.1 – 0.2 is used when 
the material is used in conjunction with HTS films [1, 2, 38-40].  
 
Figure  2.2.3: Dielectric constant curve of a BST thin-film at 80 K and 300 K, 
adopted from [41].  and 3 represent the dielectric constant when voltage was 
swept up and down, respectively in order to demonstrate any hysteresis behaviour.  
Figure  2.2.3 depicts the variation of the relative dielectric constant εr of 
Ba0.5Sr0.5TiO3 (BST) thin-film as a function of electric field and temperature [41]. As 
shown in the figure, the dielectric constant of BST decreases with increasing electric 
field and temperate. At 300 K, BST thin-films have a εr in the range of 1000-2000 
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with no hysteresis [41]. This show the thin-films are in the paraelectric state. As 
temperature cools down to 80 K, εr drops to below 700 and hysteresis is observed as 
the voltage was swept up and down. This is expected as the BST thin-film is in the 
ferroelectric state. 
2.2.1.2 Tunability 
As mentioned earlier, one of the most important properties of ferroelectric 
material is the strong dependence of their dielectric constant on external applied 
electric field E. This characteristic is commonly described by the tunability n, defined 
as the ratio of the dielectric constant of the material at zero electric field to its 
dielectric constant at non-zero electric field, as expressed by equation ( 2.2.1). The 
relative tunability nr in percentage is defined by equation ( 2.2.2). 
( )
( )En ε
ε 0
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2.2.1.3 Loss Tangent 
Ferroelectric materials, like any other dielectrics, commonly suffer from 
dielectric losses. To express this mathematically, the dielectric constant of 
ferroelectrics can be represented in complex form with both real ε′ and imaginary 
parts ε″  as follow.  
"' εεε j+=
 
( 2.2.3)
The imaginary part of the dielectric constant ε″ accounts for the loss factor, 
governed by the lag in polarisation upon application of the electric field and the 
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energy dissipation associated with charge polarisation. This loss factor is 
characterised by the ratio of the imaginary and the real part of the dielectric constant, 
which commonly known as loss tangent, tan δ . 
( )
( ) Q
1
'
"
tan ==
ℜ
ℑ
=
ε
ε
ε
ε
δ
 
( 2.2.4)
where Q is the quality factor of the material. Ideally, materials with high tunability 
and low loss tangent at microwave frequencies are greatly desired in the field of 
microwave engineering application. However, in conjunction with high tunability, 
most ferroelectrics possess high loss and temperature dependency as well [42, 43]. 
The correlation between the tunability and the loss tangent often forces designers to 
choose the material with the optimal trade-off between these two parameters for best 
device performance. 
2.2.2 Bulk, Thick-Film and Thin-Film 
Ferroelectrics come in several forms, namely bulk, thick-film and thin-film. 
Each of these forms has its pros and cons. Bulk ferroelectrics are usually in the  
500-2000 µm range thickness. Due to their very high dielectric constant, typically in 
the order of few to tens of thousands, bulk ferroelectrics are useful in substantial size 
reduction of microwave devices. Bulk ferroelectrics have been used in many 
applications such as tunable dielectric resonators [44, 45], tunable filters [46, 47], 
varactors [48] and a lens antenna [49]. The major drawback of bulk ferroelectrics, 
however, is that very high tuning voltages, in the order of hundreds of volts to tens 
of kilovolts [4, 34], is required to achieve a usable tuning range. This greatly limits 
their use in tunable microwave devices. Nonetheless, as will be pointed out later, bulk 
ferroelectrics generally exhibits lower loss tangent values than other form of 
ferroelectrics.  
Thick-films relate to thickness of greater than about 1 µm. In addition to this 
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thickness stipulation, they are usually of a polycrystalline form. Ferroelectric thick-
films are considered a more practical form than bulk as substantially lower tuning 
voltage is required (few hundreds of volts). Furthermore, with the development of 
tape casting [11] or screen-printing technology [50], the production cost of thick-film 
has significantly decreased, hence, making thick-film a good candidate for cost-
effective tunable device. Many tunable devices, such as phase shifters [50, 51], 
varactors [15, 52] and tunable filters [53] have demonstrated the use of thick-film. 
These results, though promising, are not as good as that obtained with thin-film in 
terms of tunability. 
A thickness of less than 1 µm is often referred to as thin-film and they are 
usually more crystalline in nature being made from sputtering, laser ablation or other 
thin-film processing technique. Ferroelectric thin-films are very attractive for 
microwave tunable application due to their relatively low production cost and most 
importantly, low tuning voltage requirement, typically between 2 and 200 volts, 
depending on the thin-film composition and film thickness. The dielectric response 
of ferroelectric thin-films is usually different from that of bulk ferroelectric materials 
in terms of dielectric constant and tunability. According to the literatures [4, 34], the 
dielectric constant of the thin-films is usually lower and the loss tangent, tan δ is 
always higher than in their bulk or thick-film counterparts. Nonetheless, the much 
lower tuning voltage and other integration benefits still make ferroelectric thin-film a 
very feasible candidate in tunable microwave devices. The quality of the ferroelectric 
thin-films is also strongly depends on the substrates used for film deposition. 
Substrates such as Magnesium Oxide (MgO), Alumina or Sapphire (Al2O3), and 
Lanthanum Aluminate (LaAlO3) are often used as substrate in ferroelectric film-
based components due to their low loss tangent and their good lattice matching with 
the film. 
2.2.3 Thin-Film Growth Techniques 
Ferroelectric thin-films can be grown by various deposition techniques, each of 
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which has its merits and disadvantages. Generally, these techniques can be classified 
into three groups: 
 Physical vapour deposition (PVD) – this includes RF and magnetron 
sputtering, molecular beam epitaxy and pulsed laser deposition (PLD) 
 Chemical vapour deposition (CVD) – this includes metal-organic chemical 
vapour deposition (MOCVD) and atomic layer deposition (ALD) 
 Chemical solution deposition (CSD) – this includes sol-gel and metal-organic 
decomposition 
Pulse laser deposition (PLD) has several characteristics that made it remarkably 
competitive in the complex thin-film arena as compared to other film growth 
techniques. The distinct attractive feature that makes PLD technique so favourable is 
its ability to preserve the stoichiometry of compound materials (i.e. the deposited 
film has the same chemical structure as the target material) [35, 54]. Furthermore, 
PLD technique offers simplicity of use, relatively high deposition rate and it is more 
economical than other deposition techniques. It is not the intention of this thesis to 
elaborate PLD technique in detail but rather to have a brief overview of the 
methodology. 
2.2.3.1 Pulsed Laser Deposition  
The Pulsed Laser Deposition (PLD) technique has been widely used to grow 
various thin-films and multi-layers of complex materials for many years. Although 
the PLD technique is unable to make uniform film coating on large scale wafers and 
for mass production, it still has appeal for many researchers for the fabrication of 
high-quality films of ferroelectric materials [35, 54].  
As shown in Figure  2.2.4, PLD consists of a target holder and a substrate 
heater housed in a vacuum chamber. A high power pulsed-laser beam, used as an 
external energy source, is focused inside the vacuum chamber to strike a target of the 
desired composition. Material is then vaporised in the form of an ionised plume from 
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the target, resulting in thin-film growth on the substrate. This process can occur in 
ultra high vacuum or in the presence of a background gas, such as oxygen which is 
commonly used when depositing oxides to oxygenate deposited films. 
 
Figure  2.2.4: Schematic of PLD system for deposition of thin-films [54]. 
2.2.3.2 BST Thin-Film 
A great deal of works on ferroelectric BaxSr1-xTiO3 (BST) thin-films growth 
using the PLD technique has been reported over the years [38, 40, 55-58]. BST thin-
films are considered to be one of the most promising candidates for tunable 
microwave devices because of their large nonlinearity of dielectric constants with the 
applied electrical field and the adjustable dielectric properties from different doping 
ratio of Strontium (Sr) and Barium (Ba). BST thin-films with x = 0.4 – 0.6 are 
typically used as they demonstrates a large electric field effect at room temperature. 
The dielectric constant and the loss tangent are the two most important 
parameters affecting the practical applications of BST thin-films in tunable 
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microwave devices. These parameters strongly depend on the quality of the film as 
well as the substrate used for film deposition [56, 58]. Single crystal (001) MgO 
substrate is often selected for the growth of BST thin-films due to its excellent 
dielectric properties in terms of low loss tangent, and also, its good durability and 
low-cost compared to other substrates.  
2.3 Applications of Ferroelectric Materials 
Ferroelectric materials have been receiving tremendous attention over the past 
decade due to the increasing demand for smaller size, lighter weight, higher speed, 
lower cost and higher power capability frequency-agile components. The change of 
dielectric constant of ferroelectric materials with the applied electrical field holds the 
key to a wide range of application such as varactor, phase shifter and tunable filter. 
This section aims to give a brief overview of the application of ferroelectric, BST 
thin-film in particular. 
2.3.1 Varactor 
A varactor, also known as variable or tunable capacitors, is by far the simplest 
component that can be produced by ferroelectric materials. There are essentially two 
categories of thin-film varactors, namely, planar varactors and parallel-plate varactors, 
as shown in Figure  2.3.1, although they are some variations in the exact 
configurations in the literatures [4, 44, 59-62]. 
The parallel-plate varactors have the advantage of using the tunability of the 
film more efficiently and require a relatively small voltage for effective tuning  
(1-20 V) since the electric fields are better confined in the film as the bias voltage is 
applied across the film thickness. However, parallel-plate varactors involved a more 
elaborate process and require bottom electrode patterning. In addition, the electrodes 
in parallel-plate structure contribute to a higher loss than in the case of planar 
structure. 
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For planar varactors, the electric field is applied along the ferroelectric film 
across the gap. The electrodes need to be close together in order to maximise the 
field within the ferroelectric film. The capacitance value can be completely controlled 
by the metallisation patterns and geometrical parameters on one metal layer. An 
interdigital finger structure has been used to increase the tunability of the varactor 
[63-65]. Figure  2.3.2 shows an example of the layout of an interdigital varactor. 
 
Figure  2.3.1: (a) Planar, and (b) parallel-plate varactor based on ferroelectric film [34]. 
  
Figure  2.3.2: Layout of the interdigital varactor on ferroelectric film [65]. 
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The characteristic of a varactor is based on two main parameters: tunability of 
the varactor and the loss factor, tan δ of the ferroelectric materials. This is described 
as Commutation Quality Factor K [66], defined as 
( )
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n
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( 2.3.1)
where n is the tunability of the varactor as defined in equation ( 2.2.1), and 
2,12,12,1tan RCωδ =  is the loss tangent of the varactor, determined by the value of 
the capacitance C and the series resistance R at zero and non-zero electric field, 
(denoted by subscript 1 and 2), respectively. 
2.3.2 Phase Shifter 
The ferroelectric phase shifter is by far the most widely studied tunable 
ferroelectric component and hence, has been reported in many papers [1, 8-10, 38-
40, 67, 68]. A phase shifter is simply a device that provides a shift in phase angle of a 
microwave signal without depreciating the magnitude. They play a crucial role in 
phased array antennas for wireless and satellite communications system.  
A phased array refers to an antenna configuration, composed of a large 
number of elements that emit phased signals, which can be served by thousands of 
phase shifters, to form the beam. The phase shifters are used to electronically steer 
and control the position of the beam. Traditionally, phase shifters in phased array 
antenna system are constructed using ferrites which strong magnetic fields are 
required for tuning. Implementing ferrite phase shifters in phase arrays are extremely 
costly, bulky and heavy for commercial applications. In addition, ferrite phase 
shifters are slow to respond to control signals hence, cannot be used in applications 
where rapid beam scanning is required. For these reasons, the application of 
ferroelectric phase shifters in phased array antenna is greatly favoured due to their 
potential for better performance in terms of tuning speed and power handling 
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capability, as well as smaller size and lower cost.  
Ferroelectric phase shifters can be classified into two categories, analogue and 
digital. Analogue ferroelectric phase shifters have a single analogue input control 
voltage, giving a theoretical infinite resolution. The simplest form of analogue 
ferroelectric phase shifter is the use of a simple coplanar line structure patterned on a 
ferroelectric thin-film coated substrate, as shown in Figure  2.3.3. This type of phase 
shifter can also be called a delay-line. The phase velocity of the electromagnetic wave 
travelling through the line is varied by controlling the external applied electric field as 
the dielectric constant of the ferroelectric thin-film changes depending on the 
magnitude of the electric field strength, thus producing the phase shift.  
 
Figure  2.3.3: Layout and cross section of a ferroelectric delay-line type analogue 
phase shifter in double layer substrate coplanar waveguide structure [68]. 
Another method is by loading the transmission line with a ferroelectric 
varactor where the phase velocity of the electromagnetic wave can be continuously 
tuned by biasing the varactor, providing necessary phase shift (Figure  2.3.4) [59]. This 
is contrast to the previous case where the coplanar line is homogeneously loaded 
with ferroelectric film. Analogue ferroelectric phase shifters are low cost and a 
precise phase shift can be obtained with single analogue control voltage. 
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Digital ferroelectric phase shifters have digital input signals, offering a limited 
resolution or a fixed phase shift (e.g. 45°, 90° or 180°) [69]. Figure  2.3.5 shows the 
layout of a digital reflection type phase shifter, which consist of a transforming circuit 
that is terminated by a coplanar 3-electrode capacitor. The advantage of the digital 
phase shifters is a better impedance matching with the 50 Ω external impedance and 
also lower amplitude modulation distortions [69]. 
  
Figure  2.3.4: Layout of a loaded-line phase shifter with BST varactor [59]. 
 
Figure  2.3.5: Layout of the 180° ferroelectric reflection type digital phase shifter [69]. 
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The performance of the phase shifter is determined by the amount of phase 
shift ∆Φ and the insertion loss of the phase shifter in both states IL1,2 (i.e. zero and 
non-zero electric field). This is commonly described as figure-of-merit FoM, 
expressed by the following equation [16]. 
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For a phase shifter based on ferroelectric varactor and lossless non-tunable 
components, the FoM of the phase shifter then depends on the Commutation 
Quality Factor (K) of the ferroelectric varactor only, as defined in equation ( 2.3.1), 
and turns into [16]: 
( ) ( )dB °⋅= KmBFoM
 
( 2.3.3)
where B(m) is the coefficient depending on the types of phase shifter. This is shown 
in Table  2.3.1. 
 
Number of bits, m 1 2 3 4 >>1 
( )mB for a digital phase shifter 10.36 9.11 8.68 8.50 8.36 
B for a analogue phase shifter 6.6 
Table  2.3.1: Coefficient B(m) for the figure-of-merit of a digital or analogue phase 
shifter [16]. 
2.3.3 Tunable Filter 
Tunable filters are a more recent frequency-agile component implemented 
using ferroelectric materials. They have been reported in [3, 70-73]. These filters have 
been demonstrated in microstrip, coplanar waveguide (CPW) or conductor-backed 
coplanar waveguide (CBCPW) structure. The characteristic of the tunable band pass 
filter is determined by two most important parameters: in-band insertion loss of the 
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filter in both states and the shift of the central frequency due to the tuning. The 
figure-of-merit of the tunable band pass filter FoMBPF can be expressed in the 
following form [66]: 
( )1
2121
0102 dB 1 −
⋅
⋅
∆⋅∆
−
=
ILIL
FoM BPF
ωω
ωω
 
( 2.3.4)
where ω01,02 are the central frequencies of the filter, ∆ω1,2 are the band widths of the 
filter and IL1,2 are the insertion loss of the filter at both states (i.e. zero and non-zero 
electric field). An example of a tunable band-pass filter based on ferroelectric 
materials [73] is presented in Figure  2.3.6. The dielectric substrate of the filter 
consists of two layers: a 1 µm thick of BST film and a 0.5 mm thick of 
alumina/sapphire (Al2O3) substrate. The thickness of the copper microstrip is 4 µm. 
The ferroelectric capacitors are formed by gaps in the microstrip lines. A figure-of-
merit of 0.34 dB-1 is obtained with a 150 V biasing voltage at room temperature. 
  
Figure  2.3.6: (a) Layout and (b) cross section of a tunable filters on BST film [73]. 
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2.4 Conclusions 
The fundamentals of ferroelectric materials in terms of dielectric properties, 
various forms of ferroelectric material and thin-film growing techniques have been 
presented. A brief survey of ferroelectric-based frequency-agile devices reported in 
the literatures has been reviewed. Many works on BST tunable microwave devices 
has been reported over the years. BST thin-films are particularly attractive due to 
their large nonlinearity of dielectric constant with the applied electrical field and their 
adjustable dielectric properties from different doping ratio of Strontium (Sr) and 
Barium (Ba). This allows tailoring of device operation at various temperatures. Pulsed 
laser deposition (PLD) technique is often used to grow BST thin-film. Such a growth 
method has been widely used in many research laboratories. 
In the next chapter, a review of microstrip and coplanar waveguide will be 
presented. As crucial to circuit design, analytical expression for each geometry 
relevant to the inclusion of thin ferroelectric layers will be shown.  
 Chapter 3  
Planar Transmission Lines 
3.1 Introduction 
A number of planar transmission lines will be briefly reviewed in this chapter 
and in particular, models of single and multilayer configuration will be presented. 
These models will be employed in Chapter 5 and 6 to predict the properties of the 
ferroelectric thin-film, as well as the performance of the ferroelectric phase shifter 
and tunable attenuator. 
3.2 Planar Transmission Line Overview 
A planar transmission line has conducting metal strips that lie entirely in 
parallel planes. This implies that the characteristics of the planar transmission lines 
can be determined by considering the dimensions in single or multiple planes. Ease 
of fabrication by photolithographic and printed circuit technique allows it to be used 
for a wide variety of circuit components. Planar transmission lines have played a 
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leading role in the development of both microwave integrated circuits (MICs) and 
monolithic microwave integrated circuits (MMICs). Examples of the most commonly 
used planar transmission lines are shown in Figure  3.2.1. 
 
Figure  3.2.1: Main types of planar transmission line (a) stripline, (b) microstrip, 
(c) coplanar waveguide (CPW), and (d) conductor-backed CPW (CBCPW). 
A stripline consists of a conducting strip embedded in a dielectric medium 
between two ground planes (Figure  3.2.1(a)). This construction supports a pure 
transverse electromagnetic (TEM) propagation mode as the conductor strip is 
completely surrounded by the dielectric medium (i.e. homogenous dielectric). The 
presence of both top and bottom ground planes provides good isolation from other 
signals. From a fabrication standpoint, a stripline is not as easily fabricated compared 
to a microstrip and coplanar waveguide. In practice, a small air gap can occur 
between the substrates during the fabrication process which would introduce an 
inhomogeniety in the stripline dielectric, and is often the reason for unexpected 
spurious transmission line performance. 
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Apart from benefits on the fabrication front, microstrip is one of the most 
popular planar transmission lines, primarily due to its integration compatibility with 
other microwave devices. A microstrip consists of a thin layer of conducting strip 
constructed on a dielectric substrate with a ground plane at the bottom  
(Figure  3.2.1(b)). Unlike the stripline however, this geometry does not support a pure 
TEM wave as the dielectric substrate does not fill the air region above the strip. As a 
result of the open structure of the microstrip, the electromagnetic field or energy 
transmitted in the microstrip may be radiated into space or adjacent lines.  
A mutual drawback for both the stripline and microstrip is that for a given 
substrate thickness, the line widths cannot be arbitrarily chosen for a certain 
characteristic impedance. Coplanar waveguide (CPW) of the type shown in  
Figure  3.2.1(c), on the other hand, offers some degree of freedom as the 
characteristic impedance is determined by the ratio of strip and gap width and is less 
dependent on substrate thickness. Therefore, by keeping an appropriate strip-to-gap 
ratio, different line widths can be chosen for a specific characteristic impedance [74]. 
As the ground of the CPW structure is in the same plane as the conducting strip, it 
eliminates the need for via holes during surface mounting of the microwave device. 
In addition, CPW features the lowest cross talk or interference levels from other 
signals among these three planar transmission lines due to the presence of the 
ground plane between any two adjacent lines. As a result, CPW circuits can be 
fabricated more compact than microstrip and stripline circuits, making it an ideal 
circuit structure for MIC, as well as MMIC applications. 
Figure  3.2.1(d) depicts the conductor-backed coplanar waveguide (CBCPW), a 
modification of CPW. The additional lower ground plane of CBCPW provides 
several advantages in the construction of MMIC such as improved mechanical 
support to the substrate and to act as a heat sink for circuits with active devices. 
However, the introduction of the conductor backing could potentially establish an 
unwanted parasitic parallel-plate mode leakage between the upper in-plane and lower 
ground plane, depending on frequency, substrate thickness and dielectric constant 
[75]. 
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Two substrate configurations will be implemented in the ferroelectric phase 
shifter and tunable attenuator in this work. The first is a multilayer substrate 
configuration, which consists of a layer of ~0.35 µm thick ferroelectric BST thin-film 
with dielectric constant, εr of 1800 at zero bias voltage on top of a 500 µm thick 
MgO substrate (εr = 9.8). The second configuration is a single layer Duroid substrate 
of thickness 254 µm with εr of 10.2. In the following sections, models of both the 
single and multilayer configurations will be presented and subsequently be used for 
circuit design described in later chapters. 
3.3 Microstrip 
The general structure of a microstrip is illustrated in Figure  3.3.1. A conducting 
strip with a width w and a thickness t is constructed on a dielectric substrate that has 
a relative dielectric constant εr and a thickness h, and the bottom of the substrate is a 
ground (conducting) plane.  
 
Figure  3.3.1: Microstrip configuration. 
Microstrip has its field lines distributed within two media – air above and 
dielectric below. For this reason, the microstrip structure is inhomogeneous and does 
not support a pure TEM wave. With the presence of the dielectric-air interface, the 
wave propagation velocity in a microstrip will not only depend on its material 
properties, i.e. the dielectric constant ε  and the permeability µ, but also on the 
w 
t 
h 
εr 
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physical dimensions of the microstrip [76]. In microstrip, most of the 
electromagnetic (EM) field is concentrated between the strip conductor and the 
ground plane in the substrate. The field in the air region or fringing field components 
are usually much smaller compared to the main field (within the substrate below the 
strip). In this situation, the dominant mode in a microstrip behaves like a TEM 
mode, and thus, TEM transmission line theory is applicable. This is usually referred 
to as quasi-TEM approximation and is valid over most of the operating frequency 
ranges of a microstrip.  
In the quasi-TEM approximation, the inhomogeneous dielectric-air media of 
microstrip is replaced by a homogenous dielectric material with an effective dielectric 
constant. Transmission characteristics of the microstrip, namely, the effective 
dielectric constant εeff and characteristic impedance Zc can then be obtained by using 
quasi-static analysis [77]. With this technique, the fundamental mode of wave 
propagation in a microstrip is assumed to be pure TEM. This analysis was found to 
be adequate for designing circuits at frequencies below the X-band where the strip 
width and the substrate thickness are many orders of magnitude smaller than the 
wavelength in the dielectric materials [77]. 
For a single layer microstrip structure, as depicted in Figure  3.3.1, the closed-
form expressions for εeff and Zc reported by [78] are given as follows. 
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where hwu = , piε
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In this single layer microstrip model, the thickness of the conductor is assumed to be 
very thin (i.e. t → 0). The accuracy of εeff is better than 0.2% for εr ≤ 128 and  
0.01 ≤ u ≤ 100, while the accuracy of Zc is better than 0.01% for u ≤ 1 and 0.03% for  
u ≤ 1000. 
3.3.1 Multilayer Microstrip 
Figure  3.3.2 illustrates a multilayer microstrip which is composed of two 
different dielectrics εr1 and εr2 below the conducting strip of width w; they have 
thickness h1 and h2, respectively.  
 
Figure  3.3.2: Multilayer microstrip configuration. 
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The closed-form expressions for determining the effective dielectric constant 
εeff and the characteristic impedance Zc of a multilayer microstrip are derived using the 
conformal mapping technique [77]. The principles of this technique assumes quasi-
TEM wave propagation in the line, the conductor thickness t is assumed zero with 
infinite conductivity (i.e. perfect conductors) and that properties of each individual 
layers are assumed to be linear, homogenous and isotropic. The presence of 
additional layers of different dielectrics will only alter the effective dielectric constant 
of the multilayer microstrip.  
The closed-form expressions using conformal mapping technique for 
determining εeff of a multilayer microstrip reported in [79] are as follows. 
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The filling factor q1 and q2 involving the strip width and substrate thickness for a 
wide microstrip line (w/h  ≥ 1) are 
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For a narrow microstrip line (w/h  ≤ 1), the filling factors are 
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where hhhe 1= . The corresponding characteristic impedance Zc is given by: 
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This multilayer microstrip model is accurate to better than 1% for w/h ≥ 1, and 3.5% 
for w/h  ≤ 1 [79]. This model will be used in Chapter 6 to predict the performance of 
the ferroelectric tunable attenuator. 
By employing the aforementioned single and multilayer microstrip models, the 
calculated effective dielectric constant εeff and the characteristic impedance Zc as a 
function of strip width w is detailed in Figure  3.3.3. The red line represents a 
multilayer microstrip with a 0.35 µm thick BST thin-film (εr2 = 1800) on a 500 µm 
thick MgO (εr1 = 9.8) substrate, while blue lines denote a microstrip on a single layer 
of 254 µm or 1 mm thick Duroid (εr = 10.2) substrate. It can be observed that as the 
conducting strip width w increased, εeff increased with a corresponding decline of Zc. 
This result was expected as more fields are confined in the substrate between the 
strip and ground plane for wider strip width. For a given w dimension, a microstrip 
with a thicker substrate would be expected to have a smaller εeff and larger Zc. This is 
because the field strength in the substrate will fall as the substrate thickness increases, 
hence, fewer fields will be concentrated between the strip and ground plane.  
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Figure  3.3.3: Variation of (a) the effective dielectric constant εeff, and (b) the 
characteristic impedance Zc of a microstrip as a function of strip width w. 
(BST/MgO: h1=500µm, h2=0.35µm, ε1=9.8, ε2=1800) 
(Duroid: h=254µm or 1mm, εr=10.2) 
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Table  3.3.1 lists a number of calculated parameters for a 50 Ω single and 
multilayer microstrip line together with corresponding results from Sonnet 
simulations [80], a planar method-of-moments (MoM) EM simulator, for 
comparison. In the Sonnet simulations, conductors were assumed to have zero 
thickness with infinite conductivity, and the simulation cell size was 2 µm, i.e. the line 
width w was divided into 120 cells for the 240 µm line and 220 cells for the 440 µm 
line. The simulated values were obtained at 10 GHz. As observed from the table, the 
calculated values for Duroid-based microstrip showed extremely good agreement 
with the simulated results. This was expected as the accuracy of the single layer 
microstrip model, as expressed in equation ( 3.3.2), is better than 0.01% for w/h ≤ 1. 
For the multilayer BST/MgO microstrip, however, the conformal mapping 
calculation showed a larger deviation when compared to the simulation results. For 
instance, the analytical solution predicted a width of 440 µm was required to obtain a 
50 Ω line, whereas the Sonnet simulation results showed a lower value of 48.5 Ω. 
This deviation was largely due to the limitation of the multilayer microstrip model 
employed in equation ( 3.3.4), which is only accurate to better than 3.5% for w/h ≤ 1. 
These parameters will be used in the tunable attenuator in Chapter 6 for single and 
multilayer configuration, respectively.  
 
 Configuration w (µm) Calculation method εeff Zc (Ω) 
237 
Analytical equation (3.3.2) 
Sonnet simulation 
6.79 
6.80 
50.0 
50.0 Microstrip - Duroid 
(h=254µm, εr=10.2) 
240 
Analytical equation (3.3.2) 
Sonnet simulation 
6.80 
6.81 
49.7 
49.7 
440 
Conformal mapping (3.3.4) 
Sonnet simulation 
7.03 
7.60 
50.0 
48.5 Microstrip - BST/MgO 
(h1=500µm, ε1=9.8, 
h2=0.35µm, ε2=1800) 400 Conformal mapping (3.3.4) 
Sonnet simulation 
6.97 
7.61 
52.3 
50.5 
Table  3.3.1: Parameters obtained from calculations based on ( 3.3.2) or ( 3.3.4), and 
simulations. 
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3.3.2 Microstrip Discontinuities 
It is inevitable that discontinuities will have to be used in most microwave 
circuits. These discontinuities include bends, step changes in widths and tee-
junctions, which often cause degradation in circuit performance if improperly 
treated. In this section, several types of microstrip discontinuities, such as right-angle 
bend and tee-junction, will be investigated. In order to improve the circuit 
performance, these discontinuities will be optimised using Sonnet and will be 
compared with the existing analytical model in the literature. The improved 
discontinuities will then be used in the ferroelectric tunable attenuator circuit design 
in Chapter 6, where meandered path and tee-junction is required. 
3.3.2.1 Right-angle Bend or Corner 
Bends are necessary in many microstrip circuits. The current distribution of a 
right-angle microstrip bend, together with its equivalent circuit is shown in  
Figure  3.3.4 [77]. In the plot of the current distribution, the red contour represents a 
high current density with blue denoting the opposite. 
 
Figure  3.3.4: Right-angle microstrip bend 
(a) current distributions (b) equivalent circuit. 
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An abrupt right-angle bend in a microstrip causes a significant portion of the 
signal on the strip to be reflected back towards its source, with only a fraction of the 
signal being transmitted on around the bend. As shown in Figure  3.3.4(a), the bulk of 
current flow is concentrated within the vicinity of the inner corner with little or 
negligible current flowing at the outer corner of the bend. Such a current distribution 
has contributed to an undesired shunt capacitance that formed between the ground 
plane and the bend in the microstrip, as depicted in Figure  3.3.4(b). 
Several techniques have been investigated in an attempt to eliminate the 
capacitance effect at the bend. A possible solution would be to specify a smooth 
swept bend with a radius r ≥ 3w [81] without any reduction in conductor area. This 
arrangement would, however, occupy greater area. A more space-effective 
compensation method is to chamfer or mitre the bend, which can be of an arbitrary 
angle [82]. Figure  3.3.5 depicts the current distribution of a 45° mitred right-angle 
microstrip bend, together with its equivalent circuit. Mitring the bend reduces the 
area of conductor, and hence removes the excess capacitance at the discontinuity. 
From Figure  3.3.5(a), it is clear that mitring resulted in a more evenly distributed flow 
of current around the corner of the bend.  
 
Figure  3.3.5: Mitred right-angle microstrip bend 
(a) current distributions (b) equivalent circuit. 
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The mitre percentage is defined as the cut-away fraction of the diagonal 
between the inner and outer corners of an equivalent unmitred bend:  
%100⋅=
d
x
M
 
( 3.3.5)
The optimum mitre for a wide range of microstrip geometries has been 
determined experimentally by Douville and James [82] . They found that a good fit 
for the optimum mitre percentage M, which is illustrated in Figure  3.3.6, is given by, 
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Figure  3.3.6: Optimum mitre percentage as a function of normalised line width [82]. 
It should be noted that equation ( 3.3.6) is entirely independent of εr and is 
valid to within 4% for w/h ≥ 0.25 and εr ≤ 25. As indicated in Figure  3.3.6, narrower 
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lines have higher optimum mitre percentage. Thus, extra caution should be taken 
during the process of fabrication in order to avoid any accidental loss of continuity 
or over compensation due to poor control of etching. 
The plots of results throughout this work will be presented in scattering-
parameters unless otherwise stated. The parameters S11 and S22, also known as the 
reflection coefficients, are commonly referred to as the return loss (RL); whereas the 
parameters S12 and S21, also called the transmission coefficients, are often referred to 
as the insertion loss (IL). They are with relation to each other as follows [76]: 
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Figure  3.3.7 demonstrates the Sonnet simulated return loss (|S11|) for a 50 Ω 
microstrip bend as a function of mitre percentage M. The analytical model for 
optimal mitre percentage given in equation ( 3.3.6) is included in the figure for 
comparison. Red and blue line represents a multilayer (BST/MgO) and single layer 
(Duroid) microstrip, respectively, and 5 denotes the optimal mitre percentage given 
by the analytical model. Substrates used in multilayer microstrip are a layer of BST 
ferroelectric thin-film (ε2 = 1800, tan δ2 = 0.12, h2 = 0.35 µm) on top of an MgO 
substrate (ε1 = 9.8, tan δ1 = 1×10-4, h1 = 500 µm) with 300 nm thick silver 
metallisation of conductivity 6.17 × 107 S/m, while single layer microstrip consists of 
a layer of Duroid substrate (εr = 10.2, tan δ = 2.8×10-3, h = 254 µm) with 17 µm 
thick copper conductor of conductivity 5.8 × 107 S/m. The simulated values were 
obtained at 10 GHz with simulation cell size of 10 µm and 5 µm for multilayer 
(BST/MgO) and single layer (Duroid) microstrip, respectively. 
It was found that when M = 0, i.e. the bend is unmitred, a peak return loss 
|S11| was obtained, which gradually reduced to a minimum value as M increased and 
approached its optimal level. This was predicted to be 77% and 74% for the 
BST/MgO and Duroid substrate respectively and compared favourably with 
calculated values of 74% (BST/MgO with w/h = 0.8) and 70% (Duroid with  
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w/h = 0.94). As detailed previously, the reduction of conductor area as a 
consequence of mitring the bend minimised the capacitance between the ground 
plane and bend. Further increase in M beyond its optimal point however, resulted in 
diminished performance as the line was over-compensated. 
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Figure  3.3.7: Simulated S11 of a 50 Ω microstrip bend as a function of mitre 
percentage M. (BST/MgO: w=400µm, h=500.35µm); (Duroid: w=240µm, h=254µm) 
 
3.3.2.2 Tee-junction 
A tee-junction is another important microstrip discontinuity and is used to split 
a signal into two paths. The current distribution of an unequal-impedance microstrip 
tee-junction, together with its equivalent circuit is presented in Figure  3.3.8. The 
impedance of the branch line Zc2 of width w2 in the junction is a factor of 2  to the 
main line impedance Zc1 of width w1. With the red and blue contours representing 
high and low current density respectively, it can be seen that current flow tended to 
concentrate around the corners with very little at the centre of the junction across 
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Figure  3.3.8: Unequal-impedance microstrip tee-junction 
(a) current distributions (b) equivalent circuit (impedance ratio 2:2:1 ).  
 
Figure  3.3.9: Mitred unequal-impedance microstrip tee-junction 
(a) current distributions (b) equivalent circuit (impedance ratio 2:2:1 ). 
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from the main line. Such an uneven current distribution has created the unwanted 
discontinuity reactance CT in the tee-junction.  
To compensate for the discontinuity reactance in the tee-junction, Chadha and 
Gupta [83] proposed the removal of a triangular portion from the junction in the 
shape of an isosceles triangle. The current distribution for the suggested mitred 
unequal-impedance microstrip tee-junction together with its equivalent circuit is 
shown in Figure  3.3.9. The mitred configuration resulted in a more evenly distributed 
flow of current as the previous ‘dead’ area was removed.  
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Figure  3.3.10: Simulated S11 and S22 of unmitred (dotted line) and mitred (solid line) 
microstrip tee-junction on BST/MgO (w1=400µm, w2=140µm, a=368µm), and 
Duroid substrate (w1=240µm, w2=90µm, a=212µm). 
Figure  3.3.10 shows the simulated return losses (S11 and S22) of unmitred and 
mitred microstrip tee-junction on multilayer (BST/MgO) and single layer (Duroid) 
substrates, respectively. The branch line impedances are a factor of 2  to the main 
line impedance (50 Ω : 70.7 Ω : 70.7 Ω), where θ = 45°. The simulation cell size, 
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substrate and conductor parameters used were the same to the parameters in the 
simulation of microstrip bend previously used in plotting Figure  3.3.7. 
The amount of compensation chosen in the simulation were greater than that 
recommended in [83], with the tee-junctions optimised by making several runs at  
10 GHz using various a values. It was found that in order to achieve sufficient 
improvement in performance without triggering over compensation, the optimum 
value of a for BST/MgO- and Duroid-based tee-junctions were 368 µm and 212 µm, 
respectively. As observed from the figure, the improvements of the mitred microstrip 
tee-junction were more pronounced at higher frequencies, particularly for tee-
junction on BST/MgO substrate. These optimised tee-junctions will be used in the 
tunable attenuator in Chapter 6 for power splitting and power combining. 
3.4 Coplanar Waveguide 
The basic structure of a coplanar waveguide (CPW), as illustrated in  
Figure  3.4.1, consists of a dielectric substrate with all conductors on the top surface. 
The centre strip of width 2s is separated by a narrow gap g from two ground planes 
on either side, and constructed on a dielectric substrate that has a relative dielectric 
constant εr. This basic structure has become known as the coplanar waveguide 
(CPW). There are several other variants of this basic structure and will be presented 
in the following sections. 
 
Figure  3.4.1: CPW configuration. 
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3.4.1 Multilayer CPW 
Figure  3.4.2 depicts a multilayer CPW structure, which is composed of a layer 
of ferroelectric thin-film and another layer of dielectric substrate below the 
conductors. The closed-form analytical expressions for the effective dielectric 
constant εeff and the characteristic impedance Zc for CPW are derived using 
conformal mapping techniques [84, 85]. This model has proved to be a good 
approximation for frequencies above f = 1/(µ0σts), where t, s, and σ are the 
thickness, half width of the CPW centre strip, and its conductivity, respectively [86]. 
In addition, due to the used of quasi-TEM approximation, the model is valid 
provided the lateral dimensions of the CPW (strip width 2s and gap size g) are less 
than one tenth of the wavelength in the line [86].  
 
Figure  3.4.2: Multilayer CPW configuration. 
The closed-form expressions for εeff and Zc given in [84] are as follow. 
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where the filling factor qi for i = 1, 2 is given by 
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K(k) is the complete elliptic integral of the first kind, K ′(k) = K(k′) and k′ = 21 k− . 
Approximations for elliptic integrals ratio of the first kind, K(k)/K(k′), can be found 
in Appendix A. 
Some computational difficulties may be encountered when attempting to 
evaluate dielectric filling factors qi for very thin ferroelectric layer, where the ratio of 
the line dimensions to the layer thickness becomes extremely large ( ihgs >>, ). In 
this case, the limiting form [84] can be employed. 
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( 3.4.4)
This multilayer CPW model will be used in Chapter 5 to predict the properties 
of the ferroelectric thin-film, as well as to determine the performance of the 
ferroelectric phase shifter.  
3.4.2 Conductor-Backed Coplanar Waveguide 
 
Figure  3.4.3: CBCPW configuration. 
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For a conductor-backed coplanar waveguide (CBCPW) with the structure 
shown in Figure  3.4.3, the closed-form expressions for εeff and Zc are as follow [74, 
84]: 
( )qreff 11 −+= εε
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This single layer CBCPW model will be used in Chapter 6 to predict the 
performance of the tunable attenuator based on a single layer Duroid substrate. 
3.4.3 Multilayer CBCPW 
 
Figure  3.4.4: Multilayer CBCPW configuration. 
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For a multilayer CBCPW structure, as shown in Figure  3.4.4, the εeff can be 
expressed as [84]: 
( ) ( ) 21211 11 qq rrreff εεεε −+−+=
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Zc is given in equation ( 3.4.6) with the use of εeff from equation ( 3.4.8). This multilayer 
CBCPW model will be used in Chapter 6 to predict the performance of the tunable 
attenuator based on ferroelectric thin-film. 
3.4.4 Dielectric Loaded CBCPW 
 
Figure  3.4.5: Dielectric loaded CBCPW configuration. 
A dielectric loaded CBCPW structure, as shown in Figure  3.4.5, is composed 
of a dielectrics substrate εr1 of thickness h1 below the coplanar conductors, and 
t 
h2 
h1 εr1 
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2s g g 
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another dielectric substrate εr2 of thickness h2 above the coplanar conductors. The εeff 
can be expressed as [84] 
( ) ( ) 2211 111 qq rreff −+−+= εεε
 
( 3.4.10)
where the dielectric filling factors q1,2 and k0,1,2 are the same as for a multilayer 
CBCPW structure, given in equation ( 3.4.9). Zc is as shown in equation ( 3.4.6), with 
adoption of εeff from equation ( 3.4.10). This model will be employed and described in 
Chapter 6 to predict the performance of the phase shifter based on single layer 
Duroid substrate with other dielectric material placed on its top surface. 
By utilising the aforementioned models, the gap width g as a function of strip 
width 2s can be found for a 50 Ω CPW and CBCPW line on multilayer (BST/MgO) 
and single layer (Duroid) substrates. These results are plotted in Figure  3.4.6.  
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Figure  3.4.6: The strip width versus gap width curves for 50 Ω CPW and CBCPW. 
(BST/MgO, h1=500µm, εr1=9.8, h2=0.35µm, εr2=1800); (Duroid, h=254µm, εr=10.2) 
 
 
Chapter 3: Planar Transmission Lines  50 
When strip width 2s is less than 100 µm, where both the strip and gap widths 
were considerably smaller than the substrate thickness, the presence of the conductor 
backing had negligible effect on the characteristic impedance. The influence of the 
conductor-backing however became prominent as 2s increased. With the same 
dimensions, CBCPW had a lower characteristic impedance than CPW structure. In 
the region where 2s is greater than 200 µm, a dramatic increase in gap width was 
required for the CBCPW in order to maintain a 50 Ω line. This was because as gap 
width became comparable to substrate thickness, the electric field tended to 
converge between the strip and conducting backing instead of the gaps, thus 
resulting in the emerged of the microstrip-like mode (MSL) in the CBCPW line. In 
the situation where the gap is sufficiently wide, the MSL mode may dominate which 
results in the structure losing its flexibility to maintain a certain Zc by adjusting the 
strip-to-gap ratio. The achievable impedance therefore reverts to that of a microstrip 
structure. In the case of the single layer Duroid substrate, the CBCPW line is 50 Ω 
only if the strip width is 240 µm. Therefore, any strip exceeding this cannot maintain 
a 50 Ω impedance by any means and results in a rapid divergence of the curve for the 
CBCPW line on 254 µm Duroid as shown in Figure  3.4.6. It should be noted that the 
accuracy of the quasi-TEM formulas employed could suffer if the gap width is too 
wide to be treated as a magnetic wall, hence the observed divergence may also be 
partly related to the failure of the formulation. 
Several of the calculated parameters for CPW and CBCPW structures on single 
(Duroid) and multilayer (BST/MgO) substrates are listed in Table  3.4.1. These 
parameters will be used in the ferroelectric phase shifter and tunable attenuator 
described in Chapters 5 and 6. The results from Sonnet simulations are also included 
in the table for comparison. 
In the Sonnet simulations, conductors were assumed to have zero thickness 
with infinite conductivity, and the simulation cell size was 2 µm. The values were 
obtained at 10 GHz. As detailed in the table, the calculated and simulated results 
showed a reasonably good agreement with one another. 
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Configuration 
2s 
(µm) 
g 
(µm) Calculation method εeff Zc (Ω) 
120 60 
Conformal mapping 
Sonnet simulation 
5.77 
5.86 
48.4 
48.5 CBCPW - Duroid 
(h=254µm, εr=10.2) 
60 120 
Conformal mapping 
Sonnet simulation 
5.79 
5.94 
71.4 
71.3 
80 110 
Conformal mapping 
Sonnet simulation 
10.27 
10.65 
49.7 
49.6 CBCPW - BST/MgO 
(h1=500µm, ε1=9.8, 
h2=0.35µm, ε2=1800) 20 40 Conformal mapping 
Sonnet simulation 
20.27 
20.65 
39.7 
39.8 
CPW - BST/MgO 
(h1=500µm, ε1=9.8, 
h2=0.35µm, ε2=1800) 
50 78 
Conformal mapping 
Sonnet simulation 
12.50 
13.14 
47.3 
47.2 
Table  3.4.1: Parameters obtained from conformal mapping calculations and Sonnet 
simulations.  
3.5 CBCPW-to-Microstrip Transition 
In order to characterise the microstrip structured circuits described in Chapter 
6 using on-wafer coplanar waveguide (CPW) probes (a coplanar ground-signal-
ground structure), a probing pad from CPW-to-microstrip transition is necessary. 
There are primarily two types of CPW-to-microstrip transitions: via and via-
less. A via transition directly interconnects the top layer CPW ground planes with the 
lower microstrip ground plane via conductor plated holes. Although via holes 
transitions are compact and broadband, complications with fabrication techniques 
and associated costs coupled with parasitic inductance problems has caused via holes 
transition not to be used to any great extent [87, 88]. Conversely, a via-less transition 
is realised by establishing a strong capacitive coupling between the top layer CPW 
probe ground and the lower microstrip ground. A number of researchers [89-92] 
have reported the development of via-less transition based on stepped patch and 
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stubs. The stepped patch transition often involves patterned lower ground plane or 
step structures, which complicates the design and fabrication.  
A simple taper, via-less CBCPW-to-microstrip transition to allow probing of 
microstrip structures is developed by Zheng et al. [93] and subsequently optimised by 
Wang and Lancaster [94], is shown in Figure  3.5.1. This taper transition structure 
does not require any alteration or patterning on the lower ground plane and has 
proved to have a superior wideband capability compared to the radial stubs design, 
provided that the patch size of the CBCPW in-plane ground is properly optimised.  
 
Figure  3.5.1: Layout of taper structure via-less CBCPW-to-microstrip transition. 
The complete structure consists of a CBCPW section, a CBCPW-to-microstrip 
section, and a microstrip section. The 50 Ω coplanar line and a similar microstrip line 
often have different signal line widths. In the intermediate transition section, the 
width of the CBCPW signal strip w1 is increased gradually to match the width of the 
microstrip w2 whilst ensuring the strip-to-gap ratio (w/g) retains a constant 50 Ω 
characteristic impedance along the taper. Nonetheless, a good impedance-matched 
w1 
GW1 
l0 
g1 w2 
g2 
l1 l2 
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transition does not guarantee continuous return currents or minimal reflections in 
the taper. In [94], the size of the CBCPW in-plane ground patches defined by GW1, 
l0, l1 and g2, is taken into design consideration. The size of the CBCPW in-plane 
ground should be sufficiently large to achieve a strong capacitive coupling between 
the CBCPW in-plane ground and the microstrip ground. Consequently, at high 
frequencies, the electrical reactance between the CBCPW in-plane ground and the 
microstrip ground will be sufficiently small to generate low impedance between the 
CBCPW in-plane ground and the microstrip ground contacts [92, 93]. However, to 
prevent parasitic ground plane patch resonances in a parallel-plate mode emerging in 
the band of interest, the CBCPW in-plane ground width, GW1 should be much 
smaller than λ/2 [75]. 
In order to facilitate on-wafer measurements of the circuits described in 
Chapter 6, two CBCPW-to-microstrip transitions are designed and are laid out in 
back-to-back configuration in order to be tested. The simulated S11 and S21 for back-
to-back CBCPW-to-microstrip transitions on BST/MgO and Duroid substrates are 
shown in Figure  3.5.2. The inset shows the layout of the back-to-back transition 
configuration. The metallisation layer is entirely underside of the substrate to provide 
the ground plane. The simulation cell size, substrate and conductor parameters used 
were identical to the parameters in the simulation of microstrip bend and tee-
junction previously used in plotting Figure  3.3.7 and Figure  3.3.10. 
As expected, high return losses were observed at low frequencies due to the 
large electrical reactance of the capacitive coupling between the CPW probe ground 
and microstrip ground, resulting in open-circuit behaviour. With Duroid substrate, 
the return loss observed was better than 24 dB between 2.5 to 8.5 GHz while 
transitions on the BST/MgO substrate only achieved a return loss of better than  
15 dB in the same frequency band. This was attributed to the size of the CBCPW in-
plane ground patches on the latter substrate material, which were insufficiently large 
to provide a strong capacitance between the CPW ground plane and microstrip 
ground plane, due to the limitation of the usable area on a 1 × 1 cm2 BST/MgO 
substrate.  
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Figure  3.5.2: Simulated scattering-parameters of back-to-back CBCPW-to-microstrip 
transition on BST/MgO (solid line) and Duroid (dotted line) substrate. 
(BST/MgO: GW1=3.86mm, l0=40µm, l1=840µm, l2=3.11mm, w1=80µm, g1=100µm, 
w2=400µm, g2=1.7mm); (Duroid: GW1=5.61mm, l0=510µm, l1=990µm, l2=4.11mm, 
w1=120µm, g1=60µm, w2=240µm, g2=180µm) 
3.6 Attenuation in Microstrip and CPW 
The losses in a transmission line are primarily contributed by three 
components: conductor (or ohmic) loss αc , dielectric loss αd and radiation loss αr. 
The total attenuation often expressed in decibels per metre (dB/m) and is given by 
rdc αααα ++=
 
( 3.6.1)
This section briefly covers the losses in microstrip and CPW variants. Where 
available, closed-form analytical expressions for respective structures will be shown 
and reviewed.  
 
2l2 
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3.6.1 Conductor Loss 
Conductor losses are a result of several factors relating to the properties of the 
metallic material which make up the conducting strip and ground plane, namely, 
finite conductivity, skin effect and surface roughness of the conductors. For the 
microstrip, the closed-form expression for the attenuation due to conductor loss 
(dB/m) given by [95] is 
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A1, A2 and the surface resistance Rs in ohms per square for conducting strip and 
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( 3.6.3)
where Zc is the characteristic impedance of the microstrip with width w, Rs represents 
the surface resistance for the conducting strip and ground plane, σ is the 
conductivity of the conductors, µ0 is the permeability of free space, and ω is the 
angular frequency. According to [95], equation ( 3.6.2) predicts somewhat higher 
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theoretical attenuation than that obtained from the formula developed by Pucel et al. 
[96] using Wheeler’s incremental inductance rule and the equation appears to be in 
better agreement with experimental results. 
For CPW structure, the attenuation caused by conductor loss is given in [97]:  
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where a = s, b = s + g, and k0 = a/b. Rs is the surface resistance given in  
equation ( 3.6.3) and Zc is the characteristic impedance of CPW line. The above 
equation assumes the metal thickness as t > 3δ, t << a and (b − a), where δ is the 
skin depth, given as 
σωµ
δ
0
2
=
 
( 3.6.5)
Equation ( 3.6.4) is valid for symmetric CPW configurations with finite and infinite 
dielectric thicknesses and for multilayered structures as well [77]. 
There has not been any formulation available to evaluate the conductor loss of 
CBCPW in the literature to date. An analytical expression which accounts for the 
attenuation attributed by the conductor-backed ground of CBCPW has been 
developed by Wang [98] using incremental-inductance method. The simplified 
expression can be expressed as: 
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( 3.6.6)
X1, Y1, X2 and Y2 together with the detailed derivation are given in Appendix B for 
completeness. 
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3.6.2 Dielectric Loss 
With the assumption of isotropic substrate, the attenuation due to the 
dielectric loss in a microstrip can be determined by [77, 95] 
f
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where tan δ denotes the loss tangent of the dielectric substrate, and f is the operating 
frequency. The effective dielectric constant εeff is given by equation ( 3.3.1). 
In the case of a multilayer CPW structure, as shown in Figure  3.4.2, the total 
dielectric losses introduced by the dielectric substrate εr1 with tan δ1, and ferroelectric 
film εr2 (E, T) with tan δ2 (E, T) can be approximated by [99] 
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where εeff and the filling factors q1,2 are given by equation ( 3.4.1) and equation ( 3.4.3), 
respectively. 
3.6.3 Radiation Loss 
An ideal microstrip, being open to a semi-infinite air space, tends to radiate 
energy. These radiation losses depend on the dielectric constant, the thickness of 
substrate, and the circuit geometry of the microstrip. With the use of high-dielectric-
constant or thin thickness substrate, radiation losses can be reduced as most of the 
EM field is concentrated in the dielectric between the conducting strip and the 
ground plane, with minimal energy radiating in the air space.  
In the case of CPW structure, the attenuation due to radiation losses is usually 
dominant at high frequencies (typically above several tens of gigahertz) for line 
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dimensions in the order of a few tens of microns [100, 101]. As the operating 
frequency range of the ferroelectric phase shifter and tunable attenuator described in 
Chapter 5 and 6 is only up to 10 GHz, the radiation loss is negligibly small compared 
to conductor and dielectric loss of the structure, and hence, can be neglected. 
The attenuation of multilayer CPW line calculated using equation ( 3.6.4) and 
( 3.6.8) are plotted in Figure  3.6.1 for different strip widths 2s. Substrates used are a 
layer of BST ferroelectric (ε2 = 1800, tan δ2 = 0.06 or 0.12, h2 = 0.35 µm) on top of 
an MgO substrate (ε1 = 9.8, tan δ1 = 1×10-4, h1 = 500 µm). A silver metallisation of 
thickness 300 nm and conductivity of 6.17 × 107 S/m is assumed. The gap width g is 
fixed at 54 µm. 
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Figure  3.6.1: Calculated conductor, αc and dielectric loss, αd for CPW line on 
BST/MgO substrate with different strip widths. (g=54µm) 
In Figure  3.6.1, the radiation loss of CPW can be neglected due to the large 
effective dielectric constant and the much smaller line width of CPW compared with 
EM wavelength. The dielectric losses from the MgO substrate can generally be 
tan δ2=0.06 
tan δ2=0.12 
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disregarded due to its low-loss properties (loss tangent < 10-4). Consequently, the 
total loss of the CPW is primarily contributed by the conductor loss and dielectric 
loss in the ferroelectric layer. It was observed that the losses were inversely 
proportional to the strip width 2s. αd was comparable to αc due to the very high loss 
tangent of the ferroelectric layer. 
Figure  3.6.2 depicts the conductor loss of CPW and CBCPW lines with the 
same dimensions (fixed gap width g of 54 µm and different strip widths 2s) on 
BST/MgO substrates, calculated using the incremental-inductance method in ( 3.6.6). 
Solid and dotted lines represent the CPW and CBCPW structures, respectively. With 
identical substrate and conductor parameters as the earlier plot, it was found that the 
additional conductor-backed ground plane attributed to approximately 14-25% 
increased of conductor losses. 
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Figure  3.6.2: Calculated conductor loss for CPW and CBCPW line on BST/MgO 
substrate with different strip widths. (g=54µm) 
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3.6.4 Parasitic Modes in CBCPW 
Apart from the aforementioned losses, another vital concern in CBCPW 
circuits in practice is the possible excitation of other unwanted parasitic modes, 
namely the slotline mode, parallel-plate and microstrip mode [75, 102-104]. 
3.6.4.1 Slotline Mode 
A discontinuity or asymmetry in the transmission line such as right-angle bends 
and T-junctions often excites the slotline mode in the coplanar circuits [102, 103]. 
Slotline mode is induced by the unequal potentials between the two in-plane grounds 
alongside of the signal line. These unbalanced in-plane ground were a result of the 
difference in path length between the inner slot and the outer slot of the guided 
CPW mode, as illustrated in Figure  3.6.3(a). 
 
Figure  3.6.3: Illustration of the signal paths in the slots of a CPW line. The transient 
signals in the two slots are asynchronous after travelling through (a) a single bend, 
but may be synchronised again after passing through (b) the pair of oppositely 
oriented bends [98]. 
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bend-2 
 
INPUT 
SIGNAL 
INPUT 
SIGNAL 
(a) (b) 
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There are a number of possible ways to suppress this mode. Some are by 
means of imposing equal potentials on the unbalanced grounds; others are by 
compensating the path difference or attempt to attenuate the slotline mode while 
maintaining the dominant CPW mode. The conventional way to suppress the slotline 
mode in CPW circuits is the use of wire-bond or air-bridge, which is essentially a 
conductor crossovers interconnecting the unbalanced in-plane grounds [105]. This 
method, however, possesses high losses and may trigger the occurrence of 
resonances between bonds or bridges. Further, such method is costly, especially for a 
complex CPW circuit where a large number of crossovers may be required.  
To compensate for the path difference, one method is to slow down the wave 
travelling in the inner slot, which is shorter in length, so that it emerges from the 
bend in phase with the wave in the outer slot. This can be achieved by placing a 
dielectric medium over the inner slot, also known as dielectric overlay [103]. 
Although such method has shown to be broad band capable, the use for a complex 
circuit with many bends has found to be impractical. In addition, the introduction of 
dielectric overlay inevitably increases the loss. 
Alternatively, the asynchronous signal after travelling through the slots of 
different path length can be re-synchronised again after passing through a similar but 
oppositely oriented bends [98], as illustrated in Figure  3.6.3(b). Such method re-
established the symmetric CPW mode, although some signal distortion and reflection 
experienced at the bends is irreversible.  
3.6.4.2 Parallel-plate Mode 
There exists two dominant parasitic modes in CBCPW structure: CPW and 
parallel-plate mode below a critical frequency [75], as illustrated in Figure  3.6.4. If the 
in-plane ground of a CBCPW is sufficiently wide and has a finite dielectric thickness, 
a parallel-plate mode may be established between the upper in-plane and lower 
ground plane. This undesirable parallel-plate mode, if unsuppressed, could result in 
deterioration of circuit performance. One method to suppress this mode is to ensure 
proper interconnection between the upper in-plane and lower ground plane [106, 
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107]. Alternatively, Tien et al. [75] reported that the detrimental phenomenon could 
also be avoided by ensuring that the physical dimensions of the CBCPW circuit were 
significantly smaller than half the EM wavelength. 
 
Figure  3.6.4: Dominant modes in a CBCPW structure with infinite-width in-plane 
ground and finite-width substrate. (a) CPW mode, (b) parallel-plate mode [75]. 
3.6.4.3 Microstrip-like Mode (MSL) 
As opposed to parallel-plate mode, in the case where the in-plane ground of 
the CBCPW line is too narrow or that the gap width is comparable to substrate 
thickness, a mode conversion from CPW to microstrip-like mode may be established. 
This mode results in the structure losing its CPW flexibility to maintain certain 
impedance by adjusting the strip-to-gap ratio. The achievable impedance would 
revert to that of a microstrip structure. 
Table  3.6.1 summarises the possible excitation of parasitic modes in CBCPW. 
 
Finite substrate thickness 
 
Infinite 
in-plane ground 
Finite 
in-plane ground 
Infinite substrate 
thickness 
CBCPW Parallel-plate mode 
Slotline mode 
Microstrip-like mode 
- 
Table  3.6.1: Summary of the possible excitation of parasitic modes in CBCPW. 
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3.7 Conclusions 
Microstrip and variants of coplanar waveguide transmission lines have been 
briefly reviewed. In particular, models of single and multilayer configurations have 
been presented. These models, which employ quasi-static analysis and conformal 
mapping technique, will be used to predict the properties of ferroelectric thin-film as 
well as to predict the performance of the ferroelectric phase shifter and tunable 
attenuator in Chapters 5 and 6. 
In the following chapter, the work on how the finite difference method 
(FDM), a computational technique, is modified to suit the evaluation of ferroelectric 
transmission lines will be discussed. The results will be verified and compared with 
the existing closed-form analytical models showed in this chapter. 
 
 
 
 
  
 
 Chapter 4   
Finite Difference Method
4.1 Introduction 
Work on adapting the iterative computational based finite difference method 
(FDM) to enable the evaluation of both microstrip and several variants of coplanar 
waveguides composed of ferroelectric layers is discussed in this chapter. The spatial 
variation of the ferroelectric dielectric constant is often ignored in the literature and 
is considered here in the calculation of the effective dielectric constant εeff and 
characteristic impedance Zc of the transmission lines. The results were verified and 
compared with the closed-form analytical models detailed in the previous chapter. 
They are used to predict the performance of ferroelectric phase shifter and tunable 
attenuator to be described in Chapters 5 and 6. 
Conventional finite difference equations cannot be used for studying 
ferroelectric-based transmission lines as the variation of dielectric constant with 
electric field complicates the problem. Here, the derivation of a modified finite 
difference equation which is required to account for the electric-field dependency of 
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the ferroelectric material will be presented.  
The new finite difference calculation accommodates the spatial variation of the 
dielectric constant within the ferroelectric layer as opposed to the often-employed 
solution of assuming a fixed value [2, 99, 108, 109]. Application of this newly derived 
ferroelectric finite difference method to calculate the potential distribution across a 
number of different ferroelectric-based transmission line configurations is 
demonstrated. The results show the dielectric constant as being small in the vicinity 
of the edges of the signal line and increases with distance from the signal line due to 
the diminishing electric field strength.  
4.2 Outline of the Finite Difference Method 
The finite difference method (FDM), sometimes called the relaxation method, 
is a well-known computational technique for finding the solution to a boundary value 
problem [110-113], and is particularly suited for the evaluation of the cross-sectional 
field distribution of a transmission line. This iterative technique makes use of an 
arbitrary “fictitious” boundary drawn close to the regions of physical interest. The 
region within the specified boundary is first divided into a grid of nodes called mesh 
points. Figure  4.2.1 depicts the mesh points within the cross section of a microstrip. 
An initial guess of the potential is made on this boundary as well as for all 
interior mesh points. Appropriate finite difference equations are applied to each of 
the mesh points within the boundary, thereby creating a set of simultaneous 
equations. This set of simultaneous equations is then solved using an iterative 
process, where the potential φ at each point are calculated from its surrounding 
potential. Each step of this process involves evaluating a new potential at each node 
of the grid from the finite difference equation, and using this new value in the 
calculation of all subsequent potentials. This iterative process ends when there are no 
further changes in potential in the entire region, that is, when the finite difference 
equations are solved exactly and satisfied at every node. The magnitude of the 
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electric field, E in this case and permittivity ε(E) at each node on the ferroelectric-
based structure can then be computed from the potentials.  
 
Figure  4.2.1: Illustration of mesh points on the cross-sectional microstrip line. 
In order to obtain a more accurate result for any open space or boundary 
structure (such as a microstrip), the fictitious boundary of the structure is moved 
sufficiently far from the conductors such that the computed solutions are virtually 
independent of boundary positions, with boundary walls essentially equivalent to  
0 V. Nonetheless, such boundaries however, also known as the Dirichlet boundary 
condition, often create a large number of grid points which significantly increases the 
computational time. In an attempt to avoid this problem, several researchers have 
proposed imposing a fictitious boundary of unknown potential values having 
distances much closer to the region of interest [110, 111]. Instead of a given 
boundary solution, the potential values on such boundaries were specified from its 
normal derivative and this is known as the Neumann boundary condition [110]. To 
further reduce memory requirements and computational time, the potentials within 
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the boundary can be obtained by solving half of the whole structure through 
consideration of axis of symmetry as a magnetic wall, as shown in Figure  4.2.1.  
In the FDM, the two-dimensional Laplace’s equation is solved along the cross 
section of the transmission line to obtain the potential φ at every node and then 
calculate the effective dielectric constant εeff and characteristic impedance Zc. This is 
achieved by expanding the Laplace’s equation given below to form a simultaneous 
difference equation. 
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The following sections will show how the difference equation can be derived from 
the Laplace equation in the cases of equal and unequal grid size.  
4.2.1 Equal-arm Grid 
Figure  4.2.2 illustrates the equal-arm grid mesh points where φ0 is the potential 
at the point of interest surrounded by φ1, φ2, φ3, and φ4. The difference equation for 
this five-point equal-arm grid, where ∆x = ∆y = h, is [110, 111]; 
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Thus, the finite difference equation at each mesh point is given by: 
( )43210 4
1 φφφφφ +++=
 
( 4.2.3)
According to Laplace’s equation, if the potential φ1, φ2, φ3, and φ4 are known, the 
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potential φ0 is as given by the above equation. In other words, the physical 
significance of Laplace’s equation is simply that the potential at a point must be the 
average of the potential at four surrounding points.  
 
Figure  4.2.2: Equal-arm grid mesh points. 
4.2.2 Unequal-arm Grid 
In circumstances where the boundary of the domain of interest (where a 
solution of φ is desired) does not fit to the regular mesh structure required by the 
equal-arm formula ( 3.3.1), a very fine mesh may be utilised to minimise distortion of 
the shape of the boundary. Alternatively, a different finite difference formula for a 
five-point unequal-arms grid can be used [110]. 
 
Figure  4.2.3: Unequal-arm grid mesh points. 
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For the geometry shown in Figure  4.2.3 the difference representation of the 
Laplace’s equation is given by,  
( ) ( ) ( ) ( )
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4.3 Ferroelectric Finite Difference Equation 
The unevenly distributed electric field applied across the microstrip and 
coplanar waveguides (due to the inhomogeneous dielectric-air media) used in this 
work causes an associated uneven dielectric constant distribution within the 
ferroelectric layer, which varies according to the magnitude of the applied electric 
field. This distinctive property of ferroelectric materials restricts the use of 
conventional finite difference equations to accurately determine the potential 
distribution, effective dielectric constant εeff and characteristic impedance Zc of the 
transmission lines, hence the motivation for the research to incorporate an electric-
field dependency in the formulation described in this section.  
In a charge free region, as illustrated in Figure  4.3.1, the two dimensional 
Gauss’ Law is given by, 
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( 4.3.1)
where D is electric flux density. In the x-direction, D can be written as: 
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Figure  4.3.1: Illustration of mesh points on the boundary. 
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where E is electric field of the ferroelectric material. Partially differentiating ( 4.3.2) 
gives: 
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where ∂εx /∂Ex is a characteristic of the ferroelectric material. Electric field in x-
direction as expressed in finite difference form is given by 
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Hence, 
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 Substitution of ( 4.3.4) and ( 4.3.5) into ( 4.3.3) gives: 






∆
−+
+





∆
−+
⋅





∆
−
⋅
∂
∂
=
∂
∂
2
031
2
03113 22
2 xxxEx
D
x
x
xx φφφεφφφφφε
 
( 4.3.6)
Similarly in y-direction: 
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Assuming ∆x = ∆y = h and using ( 4.3.1), the special finite difference equation for 
ferroelectric-based transmission lines at each mesh point is 
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where Kx = ∂εx /∂Ex and Ky = ∂εy /∂Ey. Note that this equation is reduced to 
constant dielectric materials by taking Kx = Ky = 0.   
The inhomogeneous structure of the microstrip and different coplanar 
waveguides detailed in Chapters 5 and 6 dictates that the potential distribution needs 
to be computed across several different media having dissimilar dielectric constants. 
To account for this potential discontinuity, three regions are defined on which 
different finite difference equations will be used. These regions are defined according 
to location of the point of interest, whether it lies; 
 
I. within the ferroelectric layer,  
II. in air, within substrate, or on the air/substrate boundary, 
III. on the air/ferroelectric or ferroelectric/substrate boundary. 
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While the technique proposed can be easily applied to anisotropic ferroelectric 
materials, for simplicity, the analysis given below assumes that the ferroelectric 
material and substrate used to be isotropic, where their electrical properties do not 
vary with direction, i.e. εx = εy and Kx = Ky and therefore the results are only 
approximate. Nonetheless, the approximation is sufficiently valid as the applied 
electric field across the geometry of the ferroelectric thin film in this work was 
predominantly in one direction only. The finite difference equations for the three 
cases are as follows; 
 
Case I:  
Point lies within the ferroelectric layer: εx = εy = εf , and Kx = Ky = Kf = ∂εf /∂E. 
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Case II:  
Point lies in air, within a fixed dielectric constant substrate, or on the air/substrate 
boundary: (εx = εy, and Kx = Ky = 0) 
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Case III:  
Point lies on the air/ferroelectric or ferroelectric/substrate boundary: 
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 where εr1 and εr2 is the upper and lower dielectric, respectively, K1 = ∂εr1/∂E and K2 
= ∂εr2/∂E. The dielectric constant along the boundary is then taken to be the average 
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of the two, εa = (εr1 + εr2)/2 and Ka = (K1 + K2)/2.  
Thus, for an air/ferroelectric boundary where the upper dielectric is air, εr1 = 1 
and the lower dielectric is the ferroelectric material, εr2 = εf , by substituting  
εa = (1 + εf)/2 and Ka = Kf /2 into ( 4.3.11) gives 
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Similarly, for a ferroelectric/substrate boundary where the upper dielectric is the 
ferroelectric material, εr1 = εf and the lower dielectric is a fixed dielectric constant 
substrate, εr2, by substituting εa = (εf + εr2)/2 and Ka = Kf /2 into ( 4.3.11) gives 
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For the metal boundary, the potential on the signal conducting strip is the 
applied voltage V having an arbitrary, non-zero value whilst conversely, 0 V was 
specified for the ground conducting plane. 
With the assumption of TEM mode of propagation in the transmission lines, 
the transmission parameters, namely the effective dielectric constant εeff and 
characteristic impedance Zc, are evaluated as follows. 
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where co is the velocity of light in free space (~3 x 10
8 ms-1), C0  and C is the line 
capacitance per unit length for air-filled and dielectric/ferroelectric-filled 
transmission line respectively. Calculation of the line capacitance is computed from 
the potential distribution obtained through Gauss’ law, and the total charge enclosed 
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by surface S which can be expressed as; 
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where En is the magnitude of the normal electric field at each node calculated from 
the potentials on adjacent nodes. The closed surface S in ( 4.3.15) was replaced by the 
closed contour c resulting in a charge q in coulombs per unit length. Figure  4.3.2 
illustrates the closed contour c of a microstrip. With the conductor strip enclosed 
within the contour, q is calculated from the discrete node values of φ as follows: 
qh
h
h
h
h
h
r
rr
r =+




 −+




 −





 ++




 −
...
2222
56
2
342112
1
φφ
ε
φφεεφφ
ε
 
( 4.3.16)
 
Figure  4.3.2: Illustration of contour c for calculation of capacitance [110]. 
The line capacitance with an applied voltage of V is given as: 
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( 4.3.17)
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It should be noted that the error bounds of the FDM calculations are dictated 
by both mesh and the finite number of iterations. The mesh error, which is a 
function of the mesh length h, occurs as the finite difference operator is used in place 
of the Laplacian, where high-order h terms are neglected. In addition to the mesh 
error, the FDM is subject to iteration error when the finite difference equations are 
not fully satisfied at every node. The amount the assumed value deviates from the 
computed value determined by the four surrounding nodes, is called the residual. 
Numerically, this is given by: 
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The iteration process terminates when all node residuals satisfy |δmax| < m, 
where m is a positive constant. When decreasing the mesh size of the grid however, 
the maximum residual, m, must be decreased proportionately in order to satisfy the 
same iteration error bound although this will generally lead to a higher number of 
iteration cycles. It is not the intention of this work to address these errors in detail 
and more information can be found in [114, 115].  
The computation of a large set of simultaneous linear equations iteratively are 
often time consuming and creates huge and sparse matrices with large number of 
unknowns to be solved. In the light of improving the convergence rate of the 
equations and also reducing the number of unknowns, several methods such as non-
uniform grid, matrix eigenvalue problem and successive over-relaxation (SOR) can 
be employed [110, 113, 115-118]. These methods will be briefly mentioned as follow. 
A non-uniform grid, previously shown in equation (4.2.4), can be applied to 
solution where region of interest or a particular direction within the structure 
requires different mesh size than others [110]. The size and density of matrices is of 
prime importance when solving a large set of simultaneous equations. Instead of 
direct storing all matrix elements which will thus lead to a large number of 
unknowns, the matrix elements of the huge and sparse matrices can be more 
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effectively stored and solved when transposed into eigenvalues and associated 
eigenvectors with appropriate matrix inversion. Further information regarding matrix 
eigenvalue problem and matrix inversion can be found in [116-118].  
Successive over-relaxation (SOR) method, on the other hand, uses accelerating 
factor in order to improve the rate of convergence of the simultaneous equations and 
thereby decrease the number of iteration cycle. This relaxation method is illustrated 
by the following expression [113, 115]: 
000 αδφφ −′=  ( 4.3.19)
φ0 and φ0′ denote the potential value at a particular grid point from the current and 
previous iteration cycle respectively, α is the accelerating factor and δ0 is the residual. 
The difference between any two successive φ0 values corresponds to a correction 
term by a factor α to be applied in updating the current estimate. The accelerating 
factor is adjusted to an optimum value for which convergence is most rapid and α 
typically lies between 1 and 2 [118]. 
The following sections illustrate how the newly derived ferroelectric finite 
difference method was employed in solving problems for ferroelectric-based 
microstrip and several variants of coplanar waveguide transmission lines. The FDM 
calculations are validated by comparing the computed εeff and Zc with existing closed-
form analytical models discussed in the previous chapter in which the expressions 
were derived through conformal mapping techniques with the assumption of a quasi-
static TEM mode of propagation along the line. 
4.3.1 FDM on Microstrip 
The variation of BST dielectric constant εBST as a function of applied electric 
field E at 300 K reported in [41] was employed in all the FDM calculations in this 
work. The BST dielectric constant curve adopted from [41] can be approximated 
using the following expression and is illustrated in Figure  4.3.3. 
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Figure  4.3.3: Approximated and experimental BST dielectric constant curve with 
respect to applied electric field adopted from [41]. 
Throughout the FDM calculations performed in this work, a metallisation of 
zero thickness and maximum residual value m of 10-6 were assumed. In addition, a 
fictitious boundary of unknown potential values with a distance much closer to the 
region of interest was implemented and the potentials within the boundary were 
obtained by solving half of the complete structure through consideration of its axis 
of symmetry as a magnetic wall. The potential distribution across the microstrip was 
computed by employing the appropriate ferroelectric finite difference equations 
detailed in the previous section, depending on the medium of the point of interest. 
Following determination of the potential distribution, the corresponding electric field 
E and dielectric constant ε distributions were evaluated.  
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Figure  4.3.4 (a and b) shows the distributions of electric field and dielectric 
constant across a 100 µm thick Ba0.5Sr0.5TiO3 (BST) single layer ferroelectric 
microstrip under an applied voltage of 100 V and 200 V, respectively. Unequal mesh 
grid of size ∆x = 5 µm and ∆y = 1 µm were used in the figure. The microstrip signal 
strip w and ground plane wG width was 100 µm and 1 mm respectively, with both 
BST and air height ha equivalent to 100 µm. By solving half of the microstrip 
structure through its axis of symmetry, a total of 100 × 200 grids was created within 
the boundary. As observed from Figure  4.3.4(a), the uneven distribution of the 
electric field was due to the inhomogeneous dielectric-air media of the microstrip. 
This resulted in the variation of the ferroelectrics’ dielectric constant as shown in 
Figure  4.3.4(b). The dielectric constant was found to be at its lowest value around the 
edges of the upper conducting strip, which corresponded to the electric field at its 
highest intensity. When a sufficiently large voltage was applied as in the case of  
200 V, the variation of εBST was clearly observed to be increasingly significant.  
Similarly, for a multilayer ferroelectric microstrip comprising a 5 µm thick BST 
ferroelectric layer on a 100 µm thick MgO substrate as shown in Figure  4.3.5, 
equivalent mesh grid sizes were specified i.e. ∆x = 5 µm and ∆y = 1 µm. In addition, 
identical dimensions of signal strip w, ground plane wG width and air height ha was 
applied, which generated a total of 100 × 205 grids. A visible variation in the BST 
layers’ dielectric constant due to the changing electric field was observed in Figure 
 4.3.5(b). However, in contrast to the single ferroelectric layer configuration, the 
magnitude of the variation was substantially reduced, even with an applied voltage of 
200 V. This was attributed to differential boundary conditions of electric flux density 
D and electric field E at the interface between the two materials. At the BST/MgO 
boundary, consider the components of D and E to be normal to the interface with 
the former being equivalent on either side of the boundary as shown below. 
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Figure  4.3.4: (a) Electric field and (b) dielectric constant distribution of a cross-
sectional BST microstrip with 100V or 200V applied voltage. 
(w=100µm, h1=100µm, wG=1mm, ha=100µm, ∆x=5µm, ∆y=1µm) 
 
 
 
Figure  4.3.5: (a) Electric field and (b) dielectric constant distribution of a cross-
sectional BST/MgO microstrip with 100V or 200V applied voltage. 
(w=100µm, h1=100µm, h2=5µm, wG=1mm, ha=100µm, ∆x=5µm, ∆y=1µm) 
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Figure  4.3.6: Enlarged view of the (a) electric field and (b) dielectric constant 
distribution of a BST/MgO microstrip around the centre conductor at 200V. 
Due to the very high εBST, the electric fields were seen to be mostly concentrated 
within the MgO substrate region and as EBST << EMgO, relatively little variation 
in dielectric constant was experienced in the BST ferroelectric layer. Figure  4.3.6 
illustrates the enlarged view of the E and εr distribution of BST/MgO microstrip 
around the centre conductor at applied voltage of 200 V. 
As detailed above, the spatial variation of the dielectric constant within a 
ferroelectric layer can be obtained through finite difference calculations. In the 
majority of published work however, this variation in dielectric constant is usually 
ignored [2, 99, 108, 109]. Typically, a constant value is specified which is assumed to 
be the dielectric constant generated by an infinitely wide parallel plate under a 
constant applied voltage.  
The computed characteristic impedance Zc of a BST microstrip as a function of 
strip width-to-height w/h ratio is shown in Figure  4.3.7. Results were calculated using 
the newly derived ferroelectric finite difference equations with a varying εBST(E) and 
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were compared against that generated using a constant εBST value. The condition 
under which the latter was obtained was a voltage of 200 V applied across a 
microstrip of 100 µm thick BST ferroelectric substrate, which resulted in an electric 
field having a magnitude of 2 V/µm across the plates. By referring to Figure  4.3.3, 
the dielectric constant of BST generated was found to be approximately 1250. The 
existing closed-form analytical model given in equation (3.3.2) was also included in 
the graph for validation. In the FDM calculations shown below, equal mesh grid 
sizes, ∆x = ∆y = h = 5 µm were used for w/h < 2, and 20 µm for w/h > 2, with an 
air height ha of 200 µm and microstrip ground plane wG equivalent to 10 times the 
respective signal strip width w. 
As observed from Figure  4.3.7, the computed impedance using the finite 
difference method where no spatial variation of the dielectric constant (εBST = 1250) 
was assumed showed extremely good agreement with the existing closed-form 
analytical model. When a varying dielectric constant was employed however, the 
calculated Zc was lower at the corresponding strip width-to-height ratios. With 
narrow microstrip lines (w/h < 1), the disparity in the calculated impedance between 
constant and varying dielectric constant was approximately 11%. This difference was 
seen to decrease as the width-to-height ratios increased, with the Zc value gradually 
converging as the w/h ratio approached ∼ 4. Here, the behaviour of the microstrip 
line was analogous to parallel plates under the influence of a uniform electric field. 
For relatively wide microstrip lines (w/h > 4), the negligible difference in the 
calculated Zc between constant and varying BST dielectric constants indicates that the 
current technique of assuming a fixed ferroelectric dielectric constant is valid. 
Nonetheless, the demonstrated methodology for determining accurate values of 
circuit impedance is a useful tool in enhancing the design and performance of 
ferroelectric-based devices, when the spatial variation of the ferroelectric dielectric 
constant as a function of the applied electric field is taken into consideration 
particularly for narrow lines. A recent paper relating to the technique outlined in this 
chapter has been published by the author [33] and can be found in Appendix C. 
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Figure  4.3.7: Computed characteristic impedance against w/h for microstrip on a 
layer of isotropic BST at 300 K (h=100µm, V=200V). 
Key FDM calculated parameters for microstrip structures on single (Duroid) 
and multilayer (BST/MgO) substrates having dimensions similar to that utilised in 
the tunable attenuator to be described in Chapter 6 are listed in Table  4.3.1. The 
results from existing closed-form analytical models (equation (3.3.2) and (3.3.4)) and 
Sonnet simulations in the previous chapter are also included in the table for 
comparison. For the BST/MgO microstrip, the variation of BST dielectric constant 
under an uneven electric field were evaluated, with the results compared against data 
generated using a constant BST dielectric constant (εBST = 1250). In the Sonnet 
simulations, conductors were assumed to have zero thickness and infinite 
conductivity, with a simulation cell size of 2 µm.  
As detailed in Table  4.3.1, the FDM calculations for both the single and 
multilayer configurations utilising a constant dielectric constant show good 
agreement with the analytical models and simulation results. However, when allowing 
for the spatial variation of the BST dielectric constant, the impedance of the 
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BST/MgO microstrip (w/h = 0.8) was found to be lower, with a difference of 
approximately 3%.  
 
Configuration w (µm) Calculation method εeff Zc (Ω) 
Microstrip - Duroid 
(h=254µm, εr=10.2) 
240 
Analytical equation (3.3.2) 
Sonnet simulation 
† FDM 
6.80 
6.81 
6.82 
49.7 
49.7 
49.7 
Microstrip - BST/MgO 
(h1=500µm, ε1=9.8, 
h2=0.4µm, ε2=1250) 
400 
Conformal mapping (3.3.4) 
Sonnet simulation 
†† FDM : εBST = 1250 
†† FDM : εBST (E) 
6.97 
7.33 
7.21 
7.66 
52.4 
51.5 
51.5 
49.9 
Table  4.3.1: Comparison of calculated parameters obtained from existing closed-
form models, sonnet simulations and finite difference method. 
 
†   ∆x=40µm, ∆y=2µm, wG=1200µm and ha=50µm 
††  ∆x=50µm, ∆y=0.2µm, wG=2000µm and ha=30µm 
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Figure  4.3.8: Convergence of residuals in the mesh grids for Duroid microstrip. 
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To test for convergence of the computed potentials in a cross sectional area, 
Figure  4.3.8 depicts the residual value in the mesh grids against the number of 
iterations for the case of the aforementioned Duroid microstrip configurations. As 
observed from the figure, the residual δ0 (in percentage) decreases with increasing 
number of iterations. This indicates that the value of potential at the nodes converges 
to a solution when all node residuals have satisfied the defined criterion |δmax| < m, 
i.e. termination of iteration process. 
4.3.2 FDM on CPW and CBCPW 
Following successful application on microstrip, the finite difference method 
(FDM) was subsequently employed on several variants of coplanar waveguide 
geometry and were verified / compared with existing closed-form analytical models 
given in the previous chapter. This was done in order to predict the performance of 
the proposed ferroelectric phase shifter and tunable attenuator design in Chapter 5 
and 6.  
Figure  4.3.9 to Figure  4.3.12 illustrates the E and ε distribution of a coplanar 
waveguide (CPW) and conductor-backed coplanar waveguide (CBCPW) on single 
layer (100 µm thick BST) and multilayer (5 µm thick BST on 100 µm thick MgO 
substrate of dielectric constant 9.8) configurations, respectively. A voltage of 50 V, 
100 V and 200 V was applied across the conductor plates. Unequal mesh grid of size 
∆x = 2 µm and ∆y = 1 µm were used in all the figures. The signal strip w, gap g and 
in-plane ground wg width was 100 µm, 20 µm and 80 µm respectively, with air height 
equivalent to 20 µm. By solving half the structure through its axis of symmetry, a 
total of 75 × 120 and 75 × 125 grids were created within the boundary for BST and 
BST/MgO configurations, respectively. As observed from all the figures, the 
variations of the BST dielectric constant under the influence of the uneven electric 
field are clearly visible, particularly at 200 V. Similar to the microstrip layout, the 
dielectric constant was lowest where the electric field was most intense, i.e. around 
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Figure  4.3.9: (a) Electric field and (b) dielectric constant distribution of a cross-
sectional BST CPW with various applied voltage. 
(2s=100µm, g=20µm, wG=80µm h=100µm, ha=20µm, ∆x=2µm, ∆y=1µm) 
 
 
 
Figure  4.3.10: (a) Electric field and (b) dielectric constant distribution of a cross-
sectional BST CBCPW with various applied voltage. 
(2s=100µm, g=20µm, wG=80µm h=100µm, ha=20µm, ∆x=2µm, ∆y=1µm) 
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Figure  4.3.11: Enlarged view of (a) electric field and (b) dielectric constant 
distribution of a cross-sectional BST/MgO CPW around the centre conductor with 
various applied voltages. 
(2s=100µm, g=20µm, wG=80µm h1=100µm, h2=5µm, ha=20µm, ∆x=2µm, ∆y=1µm) 
 
 
Figure  4.3.12: Enlarged view of (a) electric field and (b) dielectric constant 
distribution of a cross-sectional BST/MgO CBCPW around the centre conductor 
with various applied voltages. 
(2s=100µm, g=20µm, wG=80µm h1=100µm, h2=5µm, ha=20µm, ∆x=2µm, ∆y=1µm) 
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the edges of the conductors. 
Table  4.4.1 shows the computed εeff and Zc values for CPW and CBCPW 
structures utilising single (Duroid) and/or multilayer (BST/MgO) substrates using 
the FDM, conformal mapping and Sonnet simulation techniques respectively. The 
configurations reflect actual parameters used for the phase shifter and tunable 
attenuator described in Chapters 5 and 6.  As with the microstrip geometry, the 
varying dielectric constant within the BST of the multilayer substrate was considered 
and compared against data generated using a fixed BST dielectric constant of 1250 or 
1400. 
As detailed in Table  4.4.1, the FDM calculations for both the single and 
multilayer configurations utilising a fixed dielectric constant show good agreement 
with the analytical models and simulation results. However, when allowing for the 
spatial variation of the BST dielectric constant, the impedance on multilayer substrate 
(BST/MgO) was found to be marginally lower, with a difference of approximately  
4 to 6% for CPW line of dimension 2s = 50 µm and g = 78 µm and approximately 
1.4 to 2.4% for CBCPW line of dimension 2s = 20 µm and g = 40 µm. 
4.4 Conclusions 
A modified FDM for determining the εeff and Zc of ferroelectric-based 
transmission lines where the spatial variation of dielectric constant is taken fully into 
consideration has been presented. The results have been verified and compared with 
existing closed-form analytical models from the previous chapter as well as other 
published work. Extremely good agreement between FDM calculation and analytical 
models was observed.  Although similar work has been reported by Sung et al. [119] 
in which the finite element method (FEM) was employed in solving static Poisson’s 
equation iteratively to evaluate the εeff and Zc of a similar structure (microstrip line on 
ferroelectric substrate), the simplicity of FDM nonetheless, remains its primary 
advantage. The results in [119] with varying ferroelectric dielectric constant showed  
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Configuration 
2s 
(µm) 
g 
(µm) Calculation method εeff Zc (Ω) 
CBCPW – Duroid 
(h=254µm, 
εr=10.2) 
120 60 
Conformal mapping (3.4.6) 
Sonnet simulation 
† FDM 
5.77 
5.86 
5.77 
48.4 
48.5 
48.4 
Conformal mapping (3.4.8) 
Sonnet simulation 
†† FDM: εBST = 1250 
†† FDM: εBST (E) 
15.71 
16.14 
15.70 
16.52 
45.1 
45.0 
45.1 
44.0 
CBCPW - 
BST/MgO  
(h1=500µm, ε1=9.8, 
h2=0.35µm, 
ε2=1250 or 1400) 
20 40 
Conformal mapping (3.4.8) 
Sonnet simulation 
†† FDM: εBST = 1400 
†† FDM: εBST (E) 
16.98 
17.37 
17.03 
17.50 
43.4 
43.3 
43.3 
42.7 
Conformal mapping (3.4.2) 
Sonnet simulation 
††† FDM: εBST = 1250 
††† FDM: εBST (E) 
10.31 
10.93 
10.34 
11.21 
52.1 
52.0 
52.0 
50.1 
CPW - BST/MgO 
(h1=500µm, ε1=9.8, 
h2=0.35µm, 
ε2=1250 or 1400) 
50 78 
Conformal mapping (3.4.2) 
Sonnet simulation 
††† FDM: εBST = 1400 
††† FDM: εBST (E) 
10.91 
11.55 
10.93 
11.86 
50.6 
50.6 
50.6 
48.6 
Table  4.4.1: Comparison of calculated parameters obtained from conformal mapping 
technique, sonnet simulations and finite difference method (FDM).  
 
†  ∆x=10µm, ∆y=2µm, wG=60µm and ha=200µm 
†† ∆x=2µm, ∆y=0.05µm, wG=20µm and ha=3.6µm 
††† ∆x=2µm, ∆y=0.05µm, wG=20µm and ha=34µm  
  
the same trend as the FDM calculation discussed here, where Zc is generally lower 
with higher εeff as compared to that of the assumed approximate constant value. This 
therefore, validates the work presented here and that recently published in [33]. 
Experimental validation of the new finite difference equation has not been 
performed as it is thought unlikely that currently available measurement 
Chapter 4: Finite Difference Method  89 
instrumentation possess the necessary resolution to discriminate between the small 
differences shown in Figure  4.3.7, Table  4.3.1 and Table  4.4.1. The small difference 
in the results indicates that the closed-form conformal mapping technique of 
assuming a fixed ferroelectric dielectric constant is valid for most practical cases. The 
methodology for determining accurate values of circuit impedance has been 
demonstrated and is a useful tool in enhancing the design and performance of 
ferroelectric based devices.  
In the next chapter, the design and characterisation of tunable CPW phase-
shifters using BST ferroelectric thin-films deposited on an MgO substrate will be 
presented. Comparisons between experimental and simulation results will be detailed.  
 Chapter 5  
Ferroelectric Phase Shifter 
5.1 Introduction 
A phase shifter is essentially a device that produces a shift in phase angle of a 
microwave signal without changing its magnitude. Phase shifters are crucial elements 
in phased array antennas with steerable electronic beams, which allow the antenna 
beams to be focussed in the desired direction without physical repositioning of the 
antenna [8-11]. Such antennas are typically served by thousands of simultaneously 
operating phase shifters and therefore, phase shifters play a key role in determining 
the performance and the cost of the antenna. Electrically scanned phased array 
antennas have shown broad utilisation for both commercial and military applications, 
including advanced military radars, cellular base stations, satellite communications, 
and automotive anti-collision radar. 
Traditionally, phase shifters in phased array antennas are constructed using 
ferrites where strong magnetic fields are required for tuning [11, 25]. Implementing 
ferrite phase shifters in phased arrays for commercial applications however, incur 
Chapter 5: Ferroelectric Phase Shifter  91 
drawbacks in terms of cost, size and weight. In addition, ferrite-based devices are 
slow in responding to control signals, which thus restrict their use in applications 
where rapid scanning is required [11].  
Semiconductor switching elements such as field-effect transistors (FET), 
positive intrinsic negative (PIN) diodes and varactor diodes offer alternative 
solutions in construction of a phase shifter [15, 16, 24]. Unfortunately, inherent 
shortcomings involving high power consumption, cost and size of PIN diodes 
together with the relatively high loss of Galium Arsenide (GaAs) transistors and 
Silicon (Si) varactors at microwave frequencies have restricted the widespread 
application of such technology. In recent years, advances in the field of micro-
electro-mechanical systems (MEMS) technology appeared to offer considerable 
advantages over competing technologies in terms of performance, power handling 
and power consumption. However, problems involving low reliability associated with 
component mechanical movement coupled with the high switching time and cost of 
packaging has prevented any extensive use of MEMS phase shifters [23, 24]. 
Ferroelectric materials have received tremendous interest over the last decade 
due to their potential in overcoming the limitations of ferrite, semiconductor and 
MEMS type equivalents. Although ferroelectric materials commonly suffer from a 
strong temperature dependency relating to dielectric constant and noticeable 
microwave loss, their superior properties in terms of tuning speed, power 
consumption and power handling capability as well as the advantage of low cost and 
reduced size, have made ferroelectric materials extremely competitive and particularly 
favoured for devices such as phased array antennas and other frequency-agile 
components [2, 15, 24, 28].  
Ferroelectric phase shifters are by far the most extensively studied ferroelectric 
frequency-agile components and have been reported in numerous publications [1, 8-
10, 38-40, 67, 68, 120]. Several ferroelectric phase shifters of delay-line type will be 
detailed in this chapter, where a variation in the ferroelectric materials’ dielectric 
constant due to an applied electric field results in the change of the propagation 
constant in coplanar line, thus producing the phase shift. Sections 5.2 and 5.3 
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describe the ferroelectric phase shifter in both coplanar waveguide (CPW) and 
conductor-backed coplanar waveguide (CBCPW) forms respectively. Analytical 
models from Chapter 3 are employed for ferroelectric material characterisation as 
well as predicting the performance of the ferroelectric phase shifters. These 
ferroelectric phase shifters are key components in the tunable attenuator device 
described in Chapter 6. 
5.2 CPW Ferroelectric Phase Shifter 
Two designs of a coplanar waveguide (CPW) form phase shifter of delay-line 
type are presented in this section. The first is a simple CPW transmission line, whilst 
the other is a CPW structure in tapered form; hereinafter referred to as the ‘tapered 
CPW’, and are shown in Figure  5.2.1 and Figure  5.2.2, respectively. Both designs are 
based on multilayer configurations comprising Ba0.5Sr0.5TiO3 (BST) ferroelectric thin-
films on an MgO substrate. 
The BST thin-films were deposited to a thickness of ~0.35 µm onto the MgO 
substrate of dimension 10 × 10 × 0.5 mm by pulsed laser deposition (PLD) 
technique. A laser fluence of 1.5 Jcm-2 at 5 Hz pulse rate with oxygen pressure at 
 10-1 mbar was used. The substrate temperature during deposition was 750°C. Ex situ 
post-deposition annealing was carried out in a flowing oxygen furnace for 24 hours at 
1150°C. Silver coplanar transmission lines of 300 nm thick were patterned onto the 
ferroelectric films by lift-off photolithography.  
The characteristics of the CPW line were calculated using the conformal 
mapping equations developed by Gevorgian et al. [84], as previously shown in section 
3.4.1.  The design parameters of the CPW line (i.e. width of centre strip w, gap g, 
length of the line) were chosen to achieve an optimal trade-off between the line 
impedance, phase shift and insertion loss, at a given thickness and dielectric constant 
of the BST thin-film (εBST(0 V)= 1800) and MgO substrate (εr = 9.8). In other words, 
the coplanar lines were designed to approach a 50 Ω impedance line whilst ensuring  
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Figure  5.2.1: CPW phase shifter based on BST thin-film and MgO substrate.  
 
Figure  5.2.2: Tapered CPW phase shifter with narrower strip and gap width, based 
on BST thin-film and MgO substrate. 
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a reasonable width of gap in order to obtain a relatively high electric field in the 
vicinity of the centre strip. In addition, the strip-to-gap ratio (w/g) of the intermediate 
transition section in the tapered CPW phase shifter was ensured to retain a constant 
50 Ω impedance line along the taper for minimal reflections. Table  5.2.1 lists the 
design parameters for both phase shifters. 
 
 CPW phase shifter Tapered CPW phase shifter 
w 25 µm 50 µm 
g 54 µm 78 µm 
w0 - 10 µm 
g0 - 32 µm 
WG 275 µm 275 µm 
l1 - 50 µm 
l2 - 50 µm 
L 5250 µm 5250 µm 
Table  5.2.1: Design parameters of CPW and tapered CPW phase shifters on BST 
thin-film and MgO substrate.  
5.2.1 Microwave Measurement 
Microwave on-wafer frequency measurements were performed at room 
temperature using a Cascade Microtech Summit 9000 analytical probe station with 
250 µm pitch ground-signal-ground (GSG) probes connected to a vector network 
analyser (Agilent E8361A) at frequencies ranging from 0.5 to 20 GHz. A bias-tee was 
used to apply bias voltages of up to 100 V between the ground and signal lines, 
producing average electric fields up to 1.85 V/µm and 3.13 V/µm for the CPW and 
tapered CPW phase shifter respectively. Prior to measurement, calibration of the 
probe tips was carried out with the LRRM (load-reflect-reflect-match) method using 
impedance standards formed from gold CPW lines on an alumina substrate. The 
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LRRM calibration technique required four standard measurements, of which only the 
50 Ω matched load and thru (delay) had to be known precisely. The reflection 
measurements were made with the probes lifted off the substrate as well as with the 
probes placed on a shorted line. The calibration procedure removed systematic error 
sources that could affect the response of the test devices, and set the measurement 
reference planes at the probes tips [121, 122]. 
The scattering-parameters data obtained from microwave measurements at 
different bias voltages for the CPW and tapered CPW phase shifters are shown in 
Figure  5.2.3 and Figure  5.2.4 respectively. The maximum insertion loss of the CPW 
phase shifter was measured to be less than 5.4 dB, with the return loss better than  
20 dB for all states of bias voltages at frequencies up to 20 GHz. Under the same 
conditions, the insertion loss of the tapered CPW phase shifter was measured to be 
less than 10.6 dB, with the return loss not exceeding 13 dB. As seen from both 
figures, maximum insertion losses were observed at 0 V and improved with 
increasing bias voltage. In addition, the phase of the phase shifters (ϕS21), as depicted 
in Figure  5.2.3(b) and Figure  5.2.4(b), was found to increase in a linear fashion with 
frequency and bias voltage. The improved response with bias voltage was found to 
be consistent with other work reported in the literature [41, 67, 68, 123]. 
The phase change or the differential phase shift (∆Φ) of the phase shifter is: 
)0()( 2121 SS E ϕϕ −=∆Φ
 
( 5.2.1)
where ϕS21(0) and ϕ S21(E) denote the phase at zero and non-zero electric field 
respectively. The performance of phase shifters are not solely determined by the 
differential phase shift, but also quantified by the associated insertion loss. This is 
commonly described as figure-of-merit (FoM), expressed as [66]: 
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Figure  5.2.3: Measured (a) scattering-parameters, and (b) phase of CPW phase shifter 
with various bias voltages. 
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Figure  5.2.4: Measured (a) scattering-parameters, and (b) phase of tapered CPW 
phase shifter with various bias voltages. 
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In equation ( 5.2.2), S21(0) and S21(E) represent the insertion losses in both states  
(i.e. zero and non- zero electric field).  
The measured differential phase shift as a function of bias voltages at various 
frequencies is plotted in Figure  5.2.5. A continuous phase shift of 40° and 105° was 
obtained at 20 GHz with bias voltage of 100 V, which equates to an electric field of 
1.85 V/µm and 3.13 V/µm for both the CPW and tapered CPW phase shifter 
respectively. A larger phase shift was achieved for the latter configuration due to its 
narrower gap width, i.e. with the same bias voltage higher electric field strength was 
created in the vicinity of the signal strip for the tapered CPW phase shifter, which 
resulted in a greater change of dielectric constant within the BST layer. This therefore 
further increased the electric length alteration of the transmission line and thus 
generated a larger differential phase shift, as observed. 
Figure  5.2.6 depicts the variation of the differential phase shift as a function of 
frequency with different bias voltages for both the CPW and tapered CPW phase 
shifters, with their corresponding figure-of-merit detailed in Figure  5.2.7. As 
anticipated, the differential phase shift increased with frequency and bias voltage. 
Under a bias voltage of 100 V, the FoM of CPW and tapered CPW phase shifter was 
found to be 8°/dB and 10°/dB at 6 GHz and 9.5°/dB and 14.4°/dB at 20 GHz 
respectively. 
5.2.2 Microwave Characterisation 
The scattering-parameters obtained from experimental measurement can be 
utilised to extract various microwave parameters, namely, the complex propagation 
constant γ, effective dielectric constant (εeff), characteristic impedance (Zc) and loss 
tangent related to the device and the materials used. The complex propagation 
constant (γ =α + jβ) is related to the measured transmission coefficient (S21) and the 
phase of transmission coefficient (ϕS21) by the following equations [124, 125]: 
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Figure  5.2.5: Differential phase shift as a function of bias voltage for  
CPW and tapered CPW phase shifter. 
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Figure  5.2.6: Differential phase shift as a function of frequency for  
CPW and tapered CPW phase shifter. 
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Figure  5.2.7: Figure-of-merit of CPW phase shifter (dotted line) and tapered CPW 
phase shifter (solid line) with different bias voltages. 
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( 5.2.3)
where α is the attenuation constant (dB/m) and β is the phase constant (rad/m). The 
effective dielectric constant of the phase shifter was calculated using equation (5.2.4) 
[41, 126].  
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( 5.2.4)
Alternatively, εeff can also be determined from the slope of ϕS21 versus frequency from 
the relationship 021 /2 clf effS εpiϕ ⋅⋅= [124, 125]. From the derived effective 
dielectric constant (εeff,), the real part of the dielectric constant of the BST thin-film 
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(εr2′) was then extracted using the conformal mapping technique based on the quasi-
TEM approach expressed in equation (3.4.1), rearranged to give: 
[ ])()(11 12111
2
2 rreffr qqq
q
εεεε ++−−′=′
 
( 5.2.5)
In equation ( 5.2.5), εr1 is the dielectric constant of the MgO substrate (assumed 
to be purely real with value of 9.8, which is appropriate for a very low loss substrate 
such as MgO ~10-4 [99]), εeff′ is the real part of the effective dielectric constant and 
q1,2 are the filling factors involving the transmission line dimensions, film and 
substrate thickness given in equation (3.4.3). The characteristic impedance of the 
CPW line (Zc) and the relative tunability (nr) of the BST thin-film were calculated 
from equation (3.4.2) and (2.2.2) respectively.  
Figure  5.2.8 shows the real part of the BST thin-film dielectric constant and 
relative tunability of the BST thin-film as a function of applied electric field. The data 
was obtained from the measured scattering-parameters of CPW and tapered CPW 
phase shifter at 20 GHz using conformal mapping technique. ε′BST was found to be 
~1800 at 0 V/µm and ~940 at 3.13 V/µm. This corresponds to an nr of 
approximately 48%. As predicted, with similar sample preparation routes, the ε′BST 
characterised in the current work shows close agreement with the data curve 
reported in [41] and the approximated BST curve employed in all the finite difference 
method (FDM) calculations in the previous chapter as shown in equation ( 4.3.20).  
The characteristic impedance of the coplanar line with respect to bias voltage is 
plotted in Figure  5.2.9 with values of 45-52 Ω and 40-51 Ω obtained for CPW and 
tapered CPW phase shifters respectively. It was observed that as bias voltage 
increased, the impedance gradually approached 50 Ω, where reflection in the line was 
expected to be minimal. This accounted for the improved insertion and return losses 
of the phase shifters (as shown in Figure  5.2.3 and Figure  5.2.4) at 100 V bias as 
compared to zero bias voltage. 
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Figure  5.2.8: Real part of the dielectric constant of BST thin-film and relative 
tunability of the BST thin-film as a function of applied electric field. 3 and  
represent the data extracted from CPW and tapered CPW phase shifter, respectively. 
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Figure  5.2.9: Characteristic impedance as a function of bias voltage for CPW and 
tapered CPW phase shifter. 
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The total loss representation of the phase shifter, which involves both 
dielectric and conductor losses, is termed as the ‘effective loss tangent’ (tan δeff,) and 
can be calculated by the following expression [41]: 
eff
eff
eff ε
εδ
′
′′
=tan
 
( 5.2.6)
where εeff′ and εeff″ are real and imaginary parts of the effective dielectric constant 
respectively.  
Figure  5.2.10 shows the effective loss tangent of the phase shifters measured at 
different bias voltages. An apparent relaxation in effective loss tangent at frequencies 
below 2 GHz was observed for both designs. Such behaviour was believed to have 
been caused by calibration errors near zero frequency and was found to agree with 
similar work reported in [124, 125] and [126]. Conversely at the higher frequency 
regime, the effective loss tangent was found to be more stable and reliable.  
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Figure  5.2.10: Effective loss tangent tan δeff, as a function of frequency.  
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As previously addressed in Section 3.6, the total losses in a coplanar line are 
inversely proportional to the strip width 2s, a fact clearly illustrated in Figure  5.2.10 
where the tapered CPW phase shifter with narrower strip width (2s = 10 µm) 
possessed higher losses compared to the CPW phase shifter (2s = 25 µm). In 
addition, the effective loss tangent was seen to improve with the increase of bias 
voltage to up to 100 V, with values of tan δeff decreasing from 0.15 to 0.10 and 0.23 
to 0.14 for the CPW and tapered CPW phase shifters respectively. The improvement 
of tan δeff with bias voltage is consistent with work by Zimmermann et al. [123] and 
Jakoby et al. [15]. This has further accounted for the improved insertion and return 
losses of both phase shifters with increasing bias voltage shown in Figure  5.2.3 and 
Figure  5.2.4. 
There is currently no known analytical technique or expression which can be 
used to accurately extract the losses due to the BST thin-film from the measured 
total loss of the device, which includes the loss attributed to the silver conductor. By 
estimating the loss tangent of the BST thin-film (tan δBST) and using the dielectric 
constant values of the BST thin-film obtained from characterisation (shown in  
Figure  5.2.8), the performance of the phase shifters was modelled using Sonnet, a 
commercial electromagnetic planar simulator based on method-of-moments, to 
reproduce the raw experimental data, i.e. the scattering-parameters. Figure  5.2.11 and 
Figure  5.2.12 present a comparison between the simulation results from Sonnet and 
the corresponding experimental data at 0 V, 40 V and 100 V for the CPW and 
tapered CPW phase shifter respectively. The main input parameters for Sonnet 
simulations are the dielectric constant, dielectric loss, thickness of the BST thin-film 
and MgO substrate, and geometry of the devices, as previously shown in Figure  5.2.8 
and Table  5.2.1. The conductivity of the 300 nm thick silver metallisation was 
assumed to be 6.17 × 107 S/m. 
As seen from Figure  5.2.11 and Figure  5.2.12, a reasonably close agreement 
between the simulation results and the experimental data is observed, particularly at 
lower frequencies (below 10 GHz) and bias voltages (under 40 V). The more 
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Figure  5.2.11: Comparison of measured (solid lines) and simulated (dashed lines)  
(a) scattering-parameters, and (b) phase of the CPW phase shifter at various bias 
voltages. 
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Figure  5.2.12: Comparison of measured (solid lines) and simulated (dashed lines)  
(a) scattering-parameters, and (b) phase of the tapered CPW phase shifter at various 
bias voltages. 
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pronounced discrepancy above 10 GHz and 40 V could be attributed to 
unaccounted parasitic inductances and capacitances, as well as the dispersive 
dielectric constant of the BST thin-film. A small shift of phase between both results 
is observed in both figures. Such phase difference could be due to the difference or 
error in the dielectric constant of the BST thin-film extracted from the original 
experimental data.  
In addition, the discrepancy in the simulation results and the experimental data 
could be attributed to several other aspects, namely (a) the preliminary error of the 
full two-port calibration near zero frequency; (b) simulation limitation in using finite 
cell size in compensation to simulation time; and (c) the ideal assumption in the 
simulation where discrepancy in conductor surface roughness, substrate thickness 
and dielectric constant distribution across the BST thin-films were neglected. 
Nonetheless, the reasonably close agreement between the simulated and measured 
results has indicated a good estimation of the loss tangent and extraction of the 
dielectric constant of the BST thin-film (tan δBST and εBST). 
The values of tan δBST used in the simulations for both phase shifters as a 
function of the real part of the BST thin-film dielectric constant (ε′BST) is presented in 
Figure  5.2.13. When ε′BST = 1800 or with no applied electric field across the 
conductors, the loss tangent of BST thin-film amounts to a maximum of  
tan δBST = 0.12. The loss of the film decreased to by 50% when ε′BST dropped to 940 
or increased of applied electric field to 3.13 V/µm. The improvement of tan δBST 
with the decrease in ε′BST was expected as previously observed from the effective loss 
tangent tan δeff (i.e. the overall losses of the device) in Figure  5.2.10. 
Two designs of a CPW structure phase shifter of delay-line type have been 
designed and measured. The performance of the tapered CPW phase shifter proved 
superior to the standard CPW configuration at a given bias voltage due to its 
narrower gap width, which allowed a greater change of dielectric constant within the 
BST layer. A phase shift of 105° at 100 V (E = 3.13 V/µm) and a figure-of-merit of 
14°/dB at 20 GHz was achieved with the tapered CPW phase shifter based on  
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Figure  5.2.13: Loss tangent of the BST thin-film, tan δBST as a function of real part of 
the BST thin-film dielectric constant, ε′BST. 3 and  represent the values used in the 
Sonnet simulations of CPW and tapered CPW phase shifter, respectively. 
0.35 µm thick of Ba0.5Sr0.5TiO3 thin-films on MgO substrate. The results were 
comparable to other published ferroelectric-based phase shifter designs [38, 67, 127, 
128]. 
Sherman et al. [67] reported work using a tapered CPW phase shifter based on 
0.3 µm thick Ba0.3Sr0.7TiO3 thin-films on an alumina substrate with 1.65 µm stacks of 
Au/Ti conducting layers. They showed that a phase shift of 34° was obtained with a 
voltage of 250 V or electric field of 9 V/µm, corresponding to a figure-of-merit of 
16°/dB at 20 GHz. Kim et al. [38] proposed a simple CPW phase shifter comprising 
0.5 µm thick Ba0.5Sr0.5TiO3 thin-films on an MgO substrate with 2 µm of Au 
conductors. A phase shift of 5.5° was achieved with 30 V which corresponded to an 
electric field of 1.5 V/µm, and resulted in a figure-of-merit of 3°/dB at 10 GHz. In 
2000, Kirchoefer et al. [127] reported research on a similar structure which achieved 
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30° of phase shift with a bias voltage of 40 V, giving an electric field of 1.5 V/µm 
and a figure-of-merit of 4°/dB at 20 GHz. In the same year, Kozyrev et al. [128] 
tested a tapered CPW phase shifter based on 8 µm of BST on an MgO substrate and 
produced a 360° phase shift with 350 V or electric field of 8.75 V/µm at 30 GHz. 
The corresponding figure-of-merit is approximately 45°/dB. 
The figure-of-merit of delay-line type ferroelectric-based phase shifters are 
generally lower than alternative types of ferroelectric-based phase shifters including 
loaded-line (i.e. periodically loaded with ferroelectric varactor) and reflection type 
[67, 69, 129] devices. Nonetheless, its wideband capability together with ease of 
fabrication and simple design in comparison to loaded-line and reflection type 
variants, have ensured delay-line type CPW phase shifters remain competitive for 
frequency-agile applications. 
The research carried out using CPW phase shifters were the preliminary step 
towards using BST thin-films for designing CBCPW phase shifters. BST-based 
CBCPW phase shifters play a crucial role in the tunable attenuator described in 
Chapter 6 and will be discussed in the following section. 
5.3 CBCPW Phase Shifter 
Two different configurations of a conductor-backed coplanar waveguide 
(CBCPW) phase shifter are presented in this section. The first, similar to the earlier 
CPW phase shifter, is based on a multilayer configuration comprising ~0.35 µm 
thick BST thin-films on a 500 µm thick MgO substrate with 300 nm layer of silver 
metallisation (as shown in Figure  5.3.1(a)), where the phase change is achieved by the 
application of bias voltage across the centre strip and the in-plane ground of the 
CBCPW line. The second configuration consists of a 254 µm thick Duroid substrate 
(εr = 10.2) with 17 µm thick coating of copper metallisation. In contrast to the 
ferroelectric-based phase shifter, the phase change of the CBCPW phase shifter 
based on Duroid substrate is realised by placing other dielectric materials of different  
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Figure  5.3.1: Cross-section of CBCPW phase shifter based on  
(a) BST, and (b) Duroid substrate. 
dielectric constant εr on its top surface, as illustrated Figure  5.3.1(b). Both 
configurations play a key role in the tunable attenuator device described in Chapter 6, 
which is intended for operation with a centre frequency of 6 GHz. The simulated 
responses of the CBCPW phase shifters described here was performed over a 
frequency range up to 8 GHz.  
As with the CPW design, the characteristics of the CBCPW lines were 
determined using the conformal mapping equations developed by Gevorgian et al. 
[84], as previously described in Section 3.4.3 and 3.4.4. It should be noted that the 
design parameters of the CBCPW line (i.e. width of centre strip w, gap g, length of 
the line) were chosen to achieve an optimal trade-off between the line impedance, 
phase shift and insertion loss, at a given thickness and dielectric constant of the 
substrates used.  For BST-based phase shifter, the CBCPW line was designed to 
approach a 50 Ω impedance line whilst ensuring a reasonable width of gap in order 
to achieve a relatively high electric field in the vicinity of the centre strip. Figure  5.3.2 
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shows the design layout of the CBCPW phase shifter with the corresponding design 
parameters used for both the BST and Duroid configurations listed in  
Table  5.3.1.   
 
Figure  5.3.2: Layout of the meandered CBCPW phase shifter. 
 
BST-based  
CBCPW Phase Shifter 
Duroid-based  
CBCPW Phase Shifter 
w 20 µm 60 µm 
g 40 µm 120 µm 
wg 100 µm 60 µm 
GW 1.72 mm 2.31 mm 
l1 140 µm 120 µm 
l2 1.90 mm 2.50 mm 
L 1.58 mm 2.70 mm 
 
Table  5.3.1: Design parameters of CBCPW phase shifter based on BST and Duroid 
substrates.  
l2 
L 
GW
w wg 
g 
l1 
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The CBCPW line was meandered in the manner shown in Figure  5.3.2 to 
maximise the use of substrate area, but more importantly, to increase the total 
physical length of the line in order to maximise the phase change of the propagated 
microwave signal. The BST dielectric constant εBST curve extracted from 
experimental measurements of the CPW phase shifter (as previously shown in  
Figure  5.2.8) was employed in all simulations detailed in the current and subsequent 
chapter. The loss tangent of the BST thin-films was assumed to be 0.12 at zero 
electric field and decreased to 0.07 at 2.5 V/µm, as depicted in Figure  5.2.13. 
The Sonnet simulated scattering-parameters of the CBCPW phase shifter 
based on the BST substrate is shown in Figure  5.3.3(a). As with the CPW phase 
shifter, the phase change of the CBCPW phase shifter was realised by varying the 
bias voltage across the centre signal strip and the ground planes. With a total 
meander-line length of approximately 1.31 cm and a bias voltage of up to 100 V, the 
maximum insertion loss of the phase shifter was simulated to be less than 7 dB with 
the return loss better than 21 dB for all states of bias voltages over the frequency 
band of 3 to 8 GHz. It was observed that both insertion and return losses of the 
phase shifter improved as bias voltage increased. Figure  5.3.3(b) depicts the 
differential phase shift and figure-of-merit as a function of frequency of a CBCPW 
phase shifter on BST substrate at different bias voltages. With a bias voltage of  
100 V which equates to an electric field of 2.5 V/µm, a continuously variable phase 
shift of 68° was predicted at 6 GHz, which corresponded to a figure-of-merit of 
12.6°/dB. As predicted, under identical electric field strength and frequency levels, 
the meandered CBCPW line showed an approximate two fold increase in phase shift 
with an improved figure-of-merit as compared to the tapered CPW phase shifter 
presented in Section 5.2.1 (Figure  5.2.6 and Figure  5.2.7).  
In contrast to the BST-based phase shifter, the phase change in the Duroid 
substrate configuration was achieved by placing other dielectric materials of different 
dielectric constant εr on its top surface, as shown in Figure  5.3.4(a). With the 
meander conductor line sandwiched between the top-substrate and Duroid substrate,  
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Figure  5.3.3: Simulated (a) scattering-parameters, (b) differential phase shift, and 
figure-of-merit of CBCPW phase shifter based on BST and MgO substrate with 
different bias voltages. 
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the effective dielectric constant εeff of the structure changes, which causes any signal 
travelling into the phase shifter to alter and hence resulting in a phase change.  
It should be noted that while performing the experimental measurements, a 
weight or mass was placed over the top-substrate in an attempt to eliminate any air 
gaps between the top-substrate and the conductor line. Despite use of the weight 
however, a thin layer of air would still be inevitably present at the interface due to the 
relative roughness of the conductor surface, as illustrated in Figure  5.3.4(b). Table 
 5.3.2 lists the properties of the dielectric materials that were used as the top-substrate 
of the Duroid-based CBCPW phase shifter. 
 
Figure  5.3.4: Cross-section of CBCPW configuration based on Duroid substrate and 
loaded with top-substrate (a) in ideal case, and (b) with air gap layer between top-
substrate and conductors. 
Dielectric material 
Thickness 
(h2) 
Dielectric 
constant (εr2) 
Loss tangent 
(tan δ) 
Pyrex® 7740 Glass 1.1 mm 4.6 0.0050 
Magnesium Oxide (MgO) 0.5 mm 9.8 0.0001 
Lanthanum Aluminate (LaAlO3) 1.0 mm 24.5 0.0003 
Table  5.3.2: Properties of the dielectric material to be used as the top-substrate of the 
phase shifter [99, 130-132]. 
(a) (b) 
εr1 
Duroid 
εr1 
Duroid 
εr2 
Top-substrate 
εr2 
Top-substrate 
t 
h1 
h2 
Air 
Gap 
 
Cu 
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Figure  5.3.5 details the simulated scattering-parameters, differential phase shift 
and figure-of-merit of the Duroid-based CBCPW phase shifter with various dielectric 
materials on the surface. The simulations were performed under ideal conditions 
where no air gap layer was present at the interface. With a total meander-line length 
of approximately 1.72 cm, the maximum insertion loss of the phase shifter was 
found to be less than 1.5 dB, with the return loss better than 10 dB for all types of 
top-substrate over the frequency band of 3 to 8 GHz. The return loss improved as εr2 
of the top-substrate increased and indicated that the line impedance was approaching 
that of a 50 Ω line. A maximum phase shift of 230° was predicted at 6 GHz, which 
corresponded to a figure-of-merit of 220°/dB when the phase shifter was loaded 
with a 1 mm thick piece of LaAlO3. 
Due to the impedance mismatch in the line, several ripples were observed in 
the plot of insertion losses. Insertion loss is a combination of the loss in the device 
and the loss of the signal reflected back due to the impedance mismatch. When the 
meander-line is of the order of multiple half-wavelengths, minimum insertion loss 
occurs as reflection in the line is at its lowest level. This therefore explains the origins 
of the ripples observed in the graph of FoM versus frequency. In addition, the 
emergence of spurious responses at frequency regime of 6 - 7 GHz when loaded 
with a LaAlO3 top-substrate was noted. This was thought to be due to the excitation 
of the unwanted slotline mode in the meandered CBCPW phase shifter, which is a 
result of the path length difference between the inner slot and the outer slot of the 
meander line previously mentioned in section 3.6.4.  
As a layer of air is quite often present between the top-substrate and conductor 
line in most practical cases, an evaluation of the effect of varying air gap thickness on 
device response was carried out. Figure  5.3.6 plots the differential phase shift as a 
function of air gap thickness at 6 GHz. As shown in the figure, a significant decrease 
in differential phase shift was observed as air gap thickness increased. The phase shift 
decreased more than two fold when the air gap thickness was several microns thick. 
Such behaviour was attributed to the decrease in effective dielectric constant of the 
structure as the air gap layer increased and resulted in a lower continuous phase shift. 
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Figure  5.3.5: Simulated (a) scattering-parameters, (b) differential phase shift, and 
figure-of-merit of CBCPW phase shifter based on Duroid substrate and various top-
substrate. 
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Figure  5.3.6: Differential phase shift of CBCPW phase shifter based on Duroid 
substrate as a function of air gap thickness at 6 GHz. 
The simulated frequency response of the CBCPW phase shifter based on a 
Duroid substrate having an 8 µm thick layer of air at the top-substrate-conductor 
interface is shown in Figure  5.3.7. An obvious decrease in phase shift was observed 
when the phase shifter was separately loaded with Glass, MgO and LaAlO3 on its 
surface, thereby giving a phase shift of only 24°, 42° and 69° at 6 GHz, and a 
corresponding figure-of-merit of 30°/dB, 55°/dB and 91°/dB respectively. Similarly 
as before, ripples were observed in the plot of insertion loss and figure-of-merit due 
to the impedance mismatch in the line. Additionally, the excitation of the unwanted 
slotline mode when loaded with LaAlO3 was present at 7 GHz. 
Two configurations of meandered CBCPW phase shifter of delay-line type, 
which are key components in the tunable attenuator described in the following 
chapter, have been designed and presented. The simulated responses of the 
meandered CBCPW phase shifter based on BST/MgO substrates displayed superior 
performance compared to the measured results of the tapered CPW phase shifter  
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Figure  5.3.7: Simulated (a) scattering-parameters, (b) differential phase shift, and 
figure-of-merit of CBCPW phase shifter based on Duroid substrate with 8 µm thick 
of air gap. 
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based on similar multilayer configuration presented in the previous section. With a 
bias voltage of 100 V or an equivalent electric field of 2.5 V/µm, the BST-based 
meandered CBCPW phase shifter predicted a continuously variable phase shift of 
68° at 6 GHz, which corresponded to a figure-of-merit of 12.6°/dB. This was not 
surprising as the total length of the meander CBCPW line was nearly two times 
longer than the tapered CPW line design. 
Conversely for a meander CBCPW phase shifter based on Duroid substrate, a 
maximum phase shift of 230° was predicted at 6 GHz with a figure-of-merit of 
220°/dB when loaded with LaAlO3 on its surface under ideal circumstances, where 
no air gap layer was present at the top-substrate-conductor interface. A dramatic 
decrease in phase shift was observed when a layer of air gap was present at the 
interface. With an air gap of approximately 8 µm , the predicted phase shift reduced 
by approximately two-thirds to 69° at 6 GHz, with a figure-of-merit of 91°/dB. 
The simulations performed on both the BST and Duroid-based CBCPW phase 
shifters were intended mainly to predict the likely phase shift obtainable for each 
configuration as background information for the tunable attenuator design. It was 
therefore thought unnecessary to experimentally validate the simulated results of the 
phase shifters as the ferroelectric tunable attenuator (incorporating the BST-based 
CBCPW phase shifter described here) detailed in the following chapter will be 
verified through comparison with data obtained from experimental trials performed 
with an equivalent Duroid-based attenuator. 
5.4 Conclusions 
The fabrication of CPW and tapered CPW phase shifters on BST thin-films 
and MgO substrate has been successfully performed. Characterisation of the BST 
dielectric properties using probe station was demonstrated. A phase shift of 105° was 
produced at 20 GHz on the tapered CPW phase shifter, with an insertion loss of 
about 10.6 dB, giving a figure-of-merit of 14°/dB. A high tunability of ~48% was 
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achieved at 3.13 V/µm (or at bias voltage of 100 V).  
This work was carried out as a preliminary step towards using BST ferroelectric 
thin-films for designing CBCPW phase shifters, which are key components in the 
tunable attenuator described isn the following chapter. The design and the associated 
simulated response of CBCPW phase shifters based on BST/MgO and Duroid 
substrates was discussed while the effect of air gap layer at the top-substrate and 
conductor interface was also considered. 
  
 
Chapter 6  
Tunable Attenuator 
6.1 Introduction 
While many ferroelectric-based tunable microwave devices such as varactors, 
tunable resonators, filters and phase shifters [1, 3, 39, 41, 44, 45, 59, 60, 62, 68, 70-73, 
128] have been studied extensively over the last few decades, there has been little or 
no work reported on the use of ferroelectric thin-films for tunable attenuators. In 
light of its potential benefits, current research involving a novel topology of a tunable 
attenuator employing ferroelectric thin-films is presented. 
In much of the previous works, tunable attenuators have been implemented 
employing various methods and technologies. In [32], tunable attenuators were 
designed using semiconductor varactors in a cascade manner in order to achieve 
controlled attenuation. The measured attenuation (or controlled change of the 
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insertion loss) was between 0.25 dB to 4.4 dB at a frequency of 1.7 GHz with 24 
discrete amplitude states. In addition, the fabrication process of the semiconductor-
based attenuator was both complicated and time consuming, as the device required 
several layers of metallisation and substrates. 
An alternative configuration of tunable attenuator known as the Mach-
Zehnder electro-optic modulator comprises two sections involving an optical 
waveguide Mach-Zehnder interferometer (MZI) and coplanar waveguide (CPW) line 
[133-135]. Here, the modulator is designed based on Lithium Niobate (LiNbO3) 
substrate which exhibits a Pockels electro-optic effect where its refraction index 
varies proportionally to the applied electric field. Changing the applied electric field 
at which the modulator operates determines whether the two path signals interfere 
constructively or destructively at the output, and thereby control the attenuation and 
linearity of the modulator output. Similar to the semiconductor-based attenuator [32], 
the design and fabrication process of electro-optic modulators is both complicated 
and time consuming, as the modulator requires optical waveguides to be properly 
aligned and embedded in the substrates while the interaction length (region with 
MZI and CPW) has to be suitably selected in order to achieve an optimal response. 
The ferroelectric-based tunable attenuator proposed here is not only smaller in 
size, but achievable through a less complex fabrication process as the device can be 
realised into one integrated planar circuit with only a single layer of metallisation. 
More importantly however, is that the use of ferroelectric material allows continuous 
variation of attenuation under controlled bias voltages. 
The function of an attenuator is effectively the opposite of an amplifier. While 
an amplifier provides gain, an attenuator is used to generate loss or a gain of less than 
1. This passive device is used to attenuate the amplitude or power of a signal without 
appreciably distorting its waveform. The tunable attenuator in this work utilises the 
non-linear dielectric constant of ferroelectric materials, together with the principle of 
constructive and destructive interference by integrating two tunable ferroelectric 
phase shifters in parallel to produce amplitude shifting or attenuation of signals. 
Figure  6.1.1 shows a schematic diagram of the device. 
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Figure  6.1.1: Schematic diagram of the tunable attenuator. 
A microwave signal is fed into the splitter at port 1 where it is divided into two 
identical branches. The corresponding output microwave signal at port 2 is the sum 
of the output signals from the two phase shifters, A and B. Two external bias 
voltages, V1 and V2 are applied to control the phase shift of each phase shifter. 
Consequently, the output signal amplitude at port 2 is a function of the phase 
difference of the two branches, which are controlled by the respective tunable phase 
shifters. In other words, by changing the electric field on phase shifters A and B will 
determine whether the two branch signals interfere constructively or destructively at 
the output, and thereby control the amplitude or attenuation of the input microwave 
signal. 
The ferroelectric tunable attenuator implemented here was based on Barium 
Strontium Titanate (Ba0.5Sr0.5TiO3 or BST) ferroelectric thin-film of thickness  
~0.35 µm on 500 µm thick of Magnesium Oxide (MgO) substrate, as shown in 
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Figure  6.1.2(a). By altering the electric field across the phase shifter, the dielectric 
constant of the BST thin-film will undergo substantial change causing the phase 
velocity of waves propagating through the phase shifter to alter accordingly. Hence, a 
desired continuous attenuation can be achieved simply by controlling the external 
bias voltages, V1 and V2. 
 
Figure  6.1.2: Cross-section of tunable attenuator based on  
(a) BST substrate and (b) Duroid substrate. 
Due to time constraints, experimental measurements on the BST-based 
tunable attenuator device could not be performed. Indirect verification of the 
simulation results and operating principle of the proposed ferroelectric attenuator 
was however carried out through measurement and comparison with an equivalent 
device fabricated using Roger/Duroid 6010LM substrate of thickness 254 µm having 
a relative dielectric constant of 10.2, as shown in Figure  6.1.2(b). As the εr of the 
Duroid substrate was constant, the signal attenuation was achieved by putting an 
alternative dielectric material of different εr on top of the phase shifter. With the 
conductors sandwiched between the top-substrate and Duroid layer, the effective 
dielectric constant εeff of the structure was altered, thus causing a phase change of the 
(a) (b) 
h2 
h1 
 
MgO 
Silver 
 
BST, ε (V) 
t 
h1 Duroid 
Copper 
 
Top-substrate 
(used to vary phase) 
 
Chapter 6: Tunable Attenuator    125 
signal travelling into the device. The degree of attenuation attainable using such an 
approach is however highly dependent on the dielectric constant of the top-substrate 
loaded on the surface of the phase shifter. Typically, a larger range of attenuation can 
be achieved by utilising materials that possess high dielectric constant values, which 
results in larger phase changes being obtained. 
With the same principle of operation, where two tunable phase shifters were 
utilised in parallel to achieve signal attenuation, this design layout was maintained for 
both the BST- and Duroid-based tunable attenuators. The dimensions of the circuit 
lines for the individual tunable attenuators were however different, not least due to 
the dissimilar properties of the substrates used but also the variation in respective 
substrate thicknesses. Similar to the phase shifter detailed in the previous chapter, 
experimental microwave measurements for the tunable attenuator were performed at 
room temperature using a Cascade Microtech Summit 9000 analytical probe station 
with 250 µm pitch ground-signal-ground (GSG) probes connected to a vector 
network analyser (Agilent E8361A). 
As illustrated in Figure  6.1.1, the tunable attenuator described comprises 
several circuit elements, namely circuit transitions, transmission line discontinuities, 
power splitter/combiner and phase shifters. In the following sections, the design and 
response of each element, based on BST and Duroid substrates, will be outlined. 
This will be followed by the overall design layout and response of the whole device 
for the two substrates. Both attenuators were designed to operate at a centre 
frequency of 6 GHz under room temperature conditions.  
6.2 Power Divider/Combiner 
A tee-junction, as previously mentioned in Chapter 3, was used either for 
power splitting or combining. As a simple three-port network, it can be implemented 
in virtually any type of transmission line media. However, drawbacks of a tee-
junction power divider/combiner include the problem of mismatch at each of the 
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ports in addition to the lack of isolation between output ports. While the use of a 
resistive tee-junction is a possible solution for the matching problem at all ports, it 
does not overcome the difficulty associated with isolation and can lead to increased 
power loss due to the inherent resistive structure of the element. 
6.2.1 Wilkinson Power Divider 
In 1960, E.J. Wilkinson invented what is now known as the Wilkinson power 
divider [136], a three-port network with all ports simultaneously matched as well as 
isolation between output ports. The Wilkinson power divider is particularly useful as 
it possesses the property of giving zero loss when the output ports are matched, 
where only reflected power is dissipated. Although the Wilkinson power divider can 
be made to give arbitrary power division, the two-way equal-split (3 dB) design is the 
most commonly used.  
 
Figure  6.2.1:Two-way, equal- split Wilkinson power divider. 
In the simplest two-way, equal-split Wilkinson power divider configuration, as 
that shown in Figure  6.2.1, a signal fed into the input port with a characteristic 
impedance of Z0 can be divided into two in-phase and of equal amplitude signals by 
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way of two transmission lines with impedances of 2 Z0, each having an electrical 
length of one-quarter wavelength at the operating frequency. The quarter wavelength 
(λ/4) of the signal is related to the operating frequency by the following expression: 
efff
c
ε
λ
0
0
44
=
 
( 6.2.1)
where c0 the speed of light in free space, f0 is the centre operating frequency, εeff  is the 
effective dielectric constant of the transmission line and λ is the wavelength at the 
operating frequency. Each transmission line acts as an impedance matching 
transformer. A perfect match with no reflection can only be achieved when the 
length of the transmission line is λ/4 or an odd multiple (2n + 1) of λ/4.  
A resistor of value 2Z0 is connected between each transmission line at the 
output and a common node. This resistor is the distinct feature of the Wilkinson 
power divider and is the reason that all ports can be simultaneously matched 
(provided the output ports are of impedance Z0) as well as isolated where coupling 
effects of the output ports are avoided. Likewise, when used as a power combiner, 
the Wilkinson arrangement combines two input signals into an output signal. No 
power dissipation occurs provided that the input signals are in-phase, otherwise a 
portion of power will be dissipated through the resistors and the power delivered to 
the combiner output will reduce accordingly. Note that this simple Wilkinson power 
divider is a narrow-band device due to the quarter-wavelength transmission line 
sections. Additional transformer sections and isolation resistors would be needed if 
greater bandwidth is desired, although the added complexity would lead to increased 
physical size and insertion loss [137]. 
Figure  6.2.2 illustrates the ideal scattering-parameters of a two-way, equal-split 
Wilkinson power divider when all the output ports of impedance Z0 are perfectly 
matched. The transmission lines of impedance 2 Z0 are λ/4 long at frequency f0. At 
other frequencies, mismatch is observed as the λ/4 transmission line will appear  
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Figure  6.2.2: Ideal scattering-parameter responses of a two-way equal-split Wilkinson 
power divider. Port 1 is the input port; Port 2 and 3 are the output ports. 
either electrically shorter or longer depending on the frequencies. Therefore, the 
further the operating frequency deviates from f0, the greater the increase in return 
loss (|S11|) at the input and output ports. With the use of a resistor of value 2Z0, 
good isolation |S23|between the output ports is achieved. An insertion loss (|S21|) of 
3 dB at frequency f0 indicates an equal split or division in power. 
Figure  6.2.3 depicts the layout of a two-way, equal-split Wilkinson power 
divider in microstrip form. Both input and output ports were of impedance 50 Ω. 
Due to space considerations, the λ/4 long microstrip line of impedance 70.7 Ω was 
meandered to reduce component ‘footprint’. The isolation resistor used here was a 
100 Ω chip resistor of dimension 0.5 × 1.0 × 0.35 mm. All tee-junctions and corners 
of the microstrip line have been optimally mitred in order to reduce reflection within 
the circuit, which otherwise would have degraded the performance of the power 
divider.  
f0 f0 f0 f0 
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Figure  6.2.3: Layout of two-way, equal-split microstrip Wilkinson power divider. 
The simulated scattering-parameters of a microstrip two-way, equal-split 
Wilkinson power divider based on BST and Duroid substrates are shown in  
Figure  6.2.4 and Figure  6.2.5, respectively. The loss tangent of the BST thin-film was 
assumed to be 0.12 with a dielectric constant of 1800 at 0 V. These values were taken 
from the experimental measurement from the previous chapter. At 6 GHz, the 
quarter-wavelength, 70.7 Ω-microstrip-line was approximately 5.1 mm long on the 
BST substrate and 5.8 mm long on the Duroid layer (εr = 10.2). As observed from 
both graphs, an extremely good match was achieved at 6 GHz where return loss was 
lowest at 60 dB and 36 dB for the BST and Duroid variants, respectively. At other 
frequencies, mismatch occurred as the length of the 70.7 Ω-microstrip-line was no 
longer a quarter-wavelength. Over the frequency band of 4 to 8 GHz, the return loss 
of the divider was better than 14 dB for the BST substrate and 15 dB for the Duroid 
substrate. The minimum insertion loss condition at 6 GHz indicates an equal split of 
power division. Due to the losses contributed by the conductor and dielectric 
materials, the insertion loss was slightly higher than the ideal 3 dB. 
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Figure  6.2.4: Simulated scattering-parameters of a two-way equal-split Wilkinson 
power divider in microstrip form on BST substrate.  
(w2=0.4mm, w3=0.14mm, θ=45°, m1=0.26mm, m2=0.64mm, l2=0.5mm, l3=2.84mm, 
l4=0.6mm, l5=1.96mm, l6=0.4mm, l7=0.9mm, h1=500µm, h2=0.35µm, t=300nm, 
εMgO=9.8, εBST=1800) 
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Figure  6.2.5: Simulated scattering-parameters of a two-way equal-split Wilkinson 
power divider in microstrip form on Duroid substrate.  
(w2=0.24mm, w3=0.09mm, θ=45°, m1=0.15mm, m2=0.39mm, l2=0.51mm, h1=254µm, 
l3=3.09mm, l4=0.54mm, l5=2.34mm, l6=0.51mm, l7=2.55mm, t=17µm, ε1=10.2) 
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6.3 Integration of Various Components 
The tunable attenuator proposed in this work employed conductor-backed 
coplanar waveguide (CBCPW)-to-microstrip transitions, microstrip Wilkinson power 
splitter/combiner and two meandered CBCPW phase shifters in parallel to achieve a 
controlled attenuation, as illustrated in Figure  6.3.1. The CBCPW-to-microstrip 
transition enabled experimental characterisation using a CPW probe pad without the 
need for device packaging. The strip-to-gap ratio of the CBCPW was kept 
appropriately in order to retain a constant 50 Ω characteristic impedance taper. The 
transition was followed by a three-port Wilkinson power splitter. Here, the input 
microwave signal at port 1 was fed into the splitter where it was divided into two 
identical branches. Each output of the splitter was then connected to an identical 
meander CBCPW phase shifter via a further CBCPW-to-microstrip transition before 
the signals, exiting from each phase shifter, rejoined through the three-port 
Wilkinson power combiner. Finally, the signal summation was directed back to the 
CPW probe pad via a microstrip-to-CBCPW transition at port 2.  
The output microwave signal at port 2 was the sum of the signals leaving the 
phase shifters, where the output signal amplitude depended on the phase difference 
of the two branches, controlled by both phase shifter A and B. The relationship 
between the attenuation or magnitude of transmission coefficient of the attenuator 
(|S21|), the phase of the transmission coefficient (ϕS21) and the phase of both phase 
shifters can be expressed as: 





 −
=
2
cos21
BAS
ϕϕ
 
( 6.3.1)
2
21
BA
S
ϕϕϕ +=
 
( 6.3.2)
where ϕA and ϕB denote the phase of phase shifter A and B respectively.  
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Figure  6.3.1: Generic device layout of the tunable attenuator. 
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In order to better understand the basic operation of both phase shifters in the 
tunable attenuator to achieving attentions, Figure  6.3.2 demonstrates the degree of 
attenuation with varying phase difference between phase shifter A and B (ϕA – ϕB) of 
an ideal tunable attenuator when conductors and dielectrics are assumed to be 
perfect and lossless. As seen on the graph, the insertion loss is zero when there was 
no phase difference between the two phase shifters (ϕA – ϕB = 0). This result was 
expected as both branch signals were in-phase (ϕA = ϕB) and constructive 
interference occurred where the output microwave signal was equal to the input 
microwave signal. As the phase difference magnified, the insertion loss gradually 
increased and reached the maximum value when (ϕA – ϕB = 180°). At this point, 
both branch signals were completely out-of-phase and destructive interference 
occurred with input signals fully suppressed or attenuated, resulting in zero output 
signals at port 2.  
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Figure  6.3.2: Ideal attenuation response of the tunable attenuator with respect to the 
phase difference between phase shifter A and B. 
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The primary tunable attenuator described in this work was based on BST 
ferroelectric thin-film whose dielectric constant varies with the application of electric 
field. While direct experimental measurement for the ferroelectric-based tunable 
attenuator was not performed, simulated performance results were compared with 
experimental data from an equivalent attenuator on a Roger/Duroid 6010LM 
substrate with a constant εr of 10.2. The design layout for both the BST- and Duroid-
based tunable attenuators were similar, where the signal attenuation was achieved by 
utilising two tunable phase shifters in parallel. As substrates of dissimilar properties 
were used, the circuit dimensions for both designs were different. Table  6.3.1 lists the 
circuit dimensions for both the BST- and Duroid-based tunable attenuator as 
detailed in Figure  6.3.1. Both attenuators were designed to operate at a centre 
operating frequency of 6 GHz under room temperature conditions.  
6.3.1 Ferroelectric Tunable Attenuator 
The ferroelectric tunable attenuator proposed here is based on Barium 
Strontium Titanate (Ba0.5Sr0.5TiO3 or BST) thin-film of thickness ~0.35 µm on a  
500 µm thick of Magnesium Oxide (MgO) substrate, operating at room temperature 
having a centre frequency of 6 GHz. A silver layer of 300 nm thick was used as the 
metallisation on both top conductor and the bottom ground plane. Figure  6.3.3 
shows the layout of the BST-based tunable attenuator. The circuit has an overall 
surface area of 8 × 8 mm. 
Two external bias voltages, V1 and V2 were applied across the centre strip and 
the ground planes of both meander CBCPW phase shifters (A and B) of identical 
dimensions linked by several bond wires. By appropriate control of V1 and V2, 
substantial changes in the dielectric constant of the BST thin-film within the phase 
shifters were experienced, which subsequently altered the phase of the travelling 
signal accordingly, thus producing the desired attenuation at the output.  
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BST-based  
Tunable Attenuator (µm) 
Duroid-based  
Tunable Attenuator (µm) 
w1 80 120 
g1 100 60 
w2 400 240 
g2 1700 180 
w3 140 90 
w4 20 60 
g4 40 120 
wg 100 60 
m1 260 150 
m2 640 390 
l0 40 510 
l1 840 990 
l2 300 500 
l3 1900 3090 
l4 600 540 
l5 2780 2340 
l6 400 500 
l7 780 740 
l8 240 480 
l9 140 120 
l10 1900 2500 
GW1 3860 5610 
GW2 1220 2310 
Table  6.3.1: The circuit dimensions for BST- and Duroid-based tunable attenuator. 
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Figure  6.3.3: Layout of the ferroelectric tunable attenuator on BST thin-film and 
MgO substrate. 
Figure  6.3.4 illustrates the Sonnet EM [80] simulated results of the BST-based 
tunable attenuator for the case where ideal conductors and dielectric materials were 
assumed (lossless conditions). Here, the bias voltage across phase shifter A (V1) was 
modulated between 0 and 100 V whilst a constant zero bias was maintained at phase 
shifter B. The electric field strength at phase shifter A progressively intensified from 
0 V/µm to E ≈ 2.5 V/µm, causing the dielectric constant of the BST thin-film to 
vary from ~1800 to ~1000 (as shown previously in Figure 5.2.8), with a 
corresponding gap width of 40 µm.  
Where no bias voltage was applied at both phase shifters i.e.  
εA = εB = 1800 with both branch signals in-phase, the attenuator showed an 
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expected attenuation or insertion loss of 0 dB at 6 GHz. Conversely, as the bias 
voltage across phase shifter A rose to 100 V, an increase in the insertion loss to   
11 dB was obtained. In other words, the attenuator in lossless conditions has 
demonstrated a controlled change of attenuation of 11 dB with applied bias voltage 
of 100 V across phase shifter A and 0 V across phase shifter B. This result was in 
line with the anticipated phase difference generated between both phase shifters due 
to the difference in dielectric constant of the BST thin-film in the devices, where εA 
dropped from 1800 to 1000 while εB remained at 1800. The return loss of the 
attenuator was better than 17 dB at all states of bias voltage, which indicates a 
reasonably good impedance matching at 6 GHz.  
It should be noted that the performance of the Wilkinson power splitter and 
combiner are frequency-dependent. A perfect match can only be obtained at the 
design frequency where the electrical length of the matching section is λ/4. 
Therefore, a deteriorating performance in the attenuator was observed as the 
frequency moved further away from the centre operating frequency of 6 GHz. 
Figure  6.3.5 shows the Sonnet simulated results of the tunable attenuator based 
on BST thin-film and MgO substrates when losses in the conductors and dielectric 
materials were taken into consideration (lossy condition). The loss tangent of the 
BST thin-film was assumed to be 0.12 at 0 V and 0.06 at 100 V. As a result of these 
conditions, a relatively high insertion loss of 5.5 dB was obtained at 6 GHz despite 
the absence of applied bias voltage at the phase shifters and with both branch signals 
being in-phase. A further increase in insertion loss to 16.2 dB was simulated after the 
bias voltage across phase shifter A reached 100 V. Similar to the lossless conditions, 
the attenuator with the inclusion of loss factors has demonstrated a controlled 
change of attenuation of 11 dB. This is expected as the phase change of each phase 
shifters was independent and unaffected by the loss introduced in the circuit. The 
simulated return loss was better than 22 dB over a frequency range of 6 to 7 GHz or 
14 dB over a frequency range of 5 to 7 GHz. 
 
Chapter 6: Tunable Attenuator    138 
 
(a) 
 
(b) 
Figure  6.3.4: Simulated (a) S11, and (b) S21 of the BST-based tunable attenuator with 
various bias voltages on phase shifter A and zero bias on  
phase shifter B in lossless conditions.  
Attenuation ~ 11 dB @ 6 GHz 
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(b) 
Figure  6.3.5: Simulated (a) S11, and (b) S21 of the BST-based tunable attenuator with 
various bias voltages on phase shifter A and zero bias on  
phase shifter B in lossy conditions. 
Attenuation ~ 11 dB @ 6 GHz 
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6.3.2 Duroid Tunable Attenuator 
A Roger/Duroid 6010LM-based (254 µm thick substrate of dielectric constant 
10.2) tunable attenuator of similar design was fabricated and tested in order to verify 
the Sonnet simulated results and operating principle of the BST-based tunable 
attenuator. Figure  6.3.6 shows the layout of the Duroid-based tunable attenuator. 
The realised circuit has an overall size of 11.46 mm × 11.22 mm with a 17 µm thick 
layer of copper cladding and is shown in Figure  6.3.7. Figure  6.3.8 shows the 
experimental setup for microwave measurement of the Duroid-based tunable 
attenuator. This employed a Cascade Microtech Summit 9000 analytical probe station 
with 250 µm pitch ground-signal-ground (GSG) probes connected to a vector 
network analyser (Agilent E8361A). All measurements were done at room 
temperature in the frequency range of 4 to 8 GHz. Calibration to the probe tips was 
conducted using the LRRM (load-reflect-reflect-match) method with impedance 
standards formed from gold CPW lines on an alumina substrate to remove external 
systematic errors, as previously mentioned in Chapter 5. 
 
Figure  6.3.6: Layout of the Duroid-based tunable attenuator. 
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Figure  6.3.7: Photograph of the fabricated Duroid-based tunable attenuator device. 
 
Figure  6.3.8: Attenuator-under-test in a cryogenic probe station connected to Agilent 
PNA network analyser E8361A. 
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In order to effect signal attenuation through the circuit, various dielectric 
materials with different dielectric constant values (as listed in Table 5.3.2) were 
placed alternately on the surface of phase shifter B to modify the phase of the signal 
travelling into the phase shifter, as shown in Figure  6.3.9. Figure  6.3.10 shows a 
weight/metallic screw being placed on the surface of the top-substrate above phase 
shifter B in an attempt to eliminate any air gaps between the top-substrate and 
conductor line interface.  
Figure  6.3.11 depicts the experimental responses of the tunable attenuator 
based on Duroid substrate in the case where both phase shifter A and B were loaded 
with equivalent top-substrates (εA = ε B). Results were recorded for tests with and 
without the use of a weight to press the substrates together. In general, use of a 
weight/metallic screw had negligible effect on attenuator performance. With identical 
top-substrates positioned on the surface of each phase shifter, an insertion loss of 
less than 1.4 dB was measured at 5.5 - 6.5 GHz. The frequency shifts in the return 
and insertion loss with various top-substrates should be noted. Such behaviour was 
attributed to the variation of load impedance of the splitter/combiner, which is 
essentially the characteristic impedance of the CBCPW phase shifter. The impedance 
of the respective phase shifters changed when using top-substrates of different 
dielectric constants. A minimal return and insertion loss of 44 dB and 0.9 dB was 
achieved at a frequency of 6 GHz with the MgO top-substrate. This demonstrated 
that the impedance of both phase shifters loaded with MgO approached 50 Ω, where 
reflections were at its lowest. While zero attenuation was expected with the signals 
from both output branches in-phase, the imperfect conductor and dielectric materials 
of the attenuator contributed to the minor losses encountered here.  
Figure  6.3.12 shows the measured results of the Duroid-based tunable 
attenuator when phase shifter A was left bare (εA = 1) while phase shifter B was 
loaded with different εr top-substrates (εA ≠ εB), with and without the use of a weight. 
Similar to results plotted in Figure  6.3.11, the effect of employing a weight on the 
top-substrate was negligible. A continuous increase in insertion loss was observed as  
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Figure  6.3.9: Photograph of the fabricated Duroid-based tunable attenuator device 
with phase shifter B loaded with a layer of top-substrate. 
 
Figure  6.3.10: A weight is placed above the top-substrate on phase shifter B.  
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Figure  6.3.11: Measured (a) S11, and (b) S21 of the tunable attenuator based on Duroid 
substrate with similar top-substrate on both phase shifters (εA=εB). Solid and doted 
lines denote with and without the used of a weight, respectively. 
Air (εr = 1) 
Glass (εr = 4.6) 
MgO (εr = 9.8) 
LaAlO3 (εr = 24.5) 
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successively higher εr top-substrates were placed on the surface of phase shifter B. 
Insertion losses of 1.2 dB, 1.7 dB and 4 dB at 6 GHz were measured when Glass, 
MgO and LaAlO3 substrates were alternately placed on phase shifter B respectively. 
This was as expected since the phase difference between both branch signals 
amplified when εr of the top-substrate increased. It should be noted that the 
performance of the attenuator deteriorated as the frequency was further away from 
the centre operating frequency of 6 GHz due to the frequency-dependency of the 
Wilkinson power splitter and combiner. The Duroid-based tunable attenuator 
therefore has demonstrated a controlled change of attenuation (mimicking a 
ferroelectric-based device) within the limits of 0.9 dB up to 4 dB and a return loss of 
better than 17 dB at 6 GHz, when different top-substrates were placed on the 
surface of the phase shifters. 
Figure  6.3.13(a) and (b) shows a comparison between the experimentally 
measured and Sonnet simulated frequency response of the Duroid-based tunable 
attenuator for conditions of εA = εB and εA ≠ εB respectively. In the Sonnet 
simulations, an 8 µm thick air gap was simulated between the top-substrate and the 
conductor interface in the situation when loaded with top-substrate. A small 
frequency shift was observed between the measured and simulated results. The 
simulations predict a similar trend to the measured results, with an over-estimation of 
0.5 – 0.8 dB in insertion loss and deviation of 3 – 5 dB in terms of return loss. The 
discrepancy in the measured and simulated responses can be attributed to sesveral 
aspects, namely (a) the fabrication tolerance where conductors were not perfectly 
etched i.e. over-, under-etched track, and non-uniform etching profile; (b) simulation 
limitation in using finite cell size in compensation to simulation time; and (c) the ideal 
assumption where discrepancy in conductor surface roughness, substrate thickness 
and dielectric constant distribution across the BST thin-film were neglected. 
Nonetheless, both experimental and simulation results showed a reasonably good 
agreement with one another. The 8 µm thick air gap chosen in the simulation has 
shown to be valid and therefore, has indicated that an air gap was still present 
between the top-substrate-conductor interfaces disregard with the use of the weight  
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Figure  6.3.12: Measured (a) S11, and (b) S21 of the tunable attenuator based on Duroid 
substrate with bare phase shifter A and different top-substrate on phase shifter B 
(εA=1 and εA≠εB). Solid and doted lines denote with and without the used of a 
weight, respectively. 
Attenuation ~ 3 dB @ 6 GHz 
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LaAlO3 (εB = 24.5) 
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Figure  6.3.13: Comparison of measured and Sonnet simulated scattering-parameters 
of the Duroid tunable attenuator with (a) similar top-substrate on both phase shifters 
(εA=εB), and with (b) bare phase shifter A and different top-substrate on phase 
shifter B (εA=1 and εA≠εB).  
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to press the substrates together. This was probably due to the inherent roughness of 
the 17-µm-copper surface or the existence of other foreign particles at the interface. 
Note that both measured and simulated responses showed an abrupt spurious 
response at the frequency regime of 6 - 7 GHz when LaAlO3 was loaded onto the 
surface of the phase shifter. The emergence of such a response was due to the 
excitation of the unwanted parasitic slotline mode in the meandered CBCPW phase 
shifter, a result of unequal potentials between the two in-plane grounds alongside of 
the signal line. As previously mentioned in section 3.6.4, the unbalanced potentials 
were caused by the difference in path length between the inner slot and the outer slot 
of the CBCPW meander line [102, 103]. 
The scattering-parameters of the attenuator obtained from experimental 
measurement can be utilised to extract the phase of each of the meander CBCPW 
phase shifters in the attenuator. The phase of both phase shifter A and B (ϕA and ϕB) 
is related to the attenuator’s phase of the transmission coefficient (ϕS21) as follows. 
2
21
BA
S
ϕϕϕ +=
 
( 6.3.3)
When identical dielectric materials are placed on the surface of both phase shifters, 
the phase of the phase shifter is simply equal to the attenuator’s phase of the 
transmission coefficient, that is ϕA = ϕB = ϕS21. The differential phase shift (∆ΦOUT) 
of the attenuator is expressed as: 
)1()1( ,21,21 ≠−==∆Φ BASBASOUT εϕεϕ
 
( 6.3.4)
where ϕS21(εA,B = 1) and ϕS21(εA,B ≠ 1) denote the attenuator’s phase of the 
transmission coefficient with bare and loaded phase shifters respectively.  
Figure  6.3.14 shows the measured phase of the transmission coefficient (ϕS21) 
or output phase of the Duroid-based tunable attenuator with various dielectric 
material combinations on phase shifter A and B, while Figure  6.3.15 plots the  
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Figure  6.3.14: Measured output phase of the Duroid-based tunable attenuator for 
various combination of εA and εB.. 
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Figure  6.3.15: Differential phase shift of the output signal for various combination of 
εA and εB. 
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corresponding differential phase shift (∆ΦOUT) of the attenuator.  
As seen from Figure  6.3.15, differential phase shifts of 26°, 40° and 70° were 
observed at 6 GHz when both phase shifters were equally loaded with Glass, MgO 
and LaAlO3 respectively. With identical top-substrates and signal modulation 
characteristics on both phase shifters, the differential phase shift of the attenuator is 
simply equivalent to the differential phase shift of each phase shifter. The 
experimental results showed a good agreement with the simulated results of the 
CBCPW phase shifter discussed in the previous chapter, which was defined with an 8 
µm thick air gap between the top-substrate and the conductor. In addition, the 
measured results were found to be consistent with equation ( 6.3.3), where the 
differential phase shift for an attenuator with bare phase shifter A (εA = 1) and a 
selection of different dielectric materials on phase shifter B (giving εB = 4.6, 9.8 or 
24.5) were halved to approximately 12°, 21° and 33° respectively. 
6.4 Conclusions 
A novel topology of a tunable attenuator based on BST ferroelectric thin-film 
has been presented. The BST-based tunable attenuator has enabled a significant 
reduction in the overall device dimension due to the very high dielectric constant of 
the ferroelectric material. Other advantages include a much easier fabrication 
process, as the tunable attenuator is realised into one integrated planar circuit with 
only a single layer of metallisation required in patterning. But most importantly, the 
BST-based tunable attenuator proposed in this work is able to provide continuous 
variation of attenuation under controlled bias voltages. The simulation results of the 
BST-based tunable attenuator exhibited continuous attenuation in the limits from 5.5 
dB up to 16.2 dB with a bias voltage of up to 100 V. 
The design and operation of the BST-based tunable attenuator was validated 
with results from a similar design of tunable attenuator based on Duroid substrate 
tested using on-wafer coplanar probes. At the centre frequency of 6 GHz, the 
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Duroid-based tunable attenuator showed a controlled attenuation between 0.9 dB 
and 4 dB when different top-substrates of different dielectric constant was loaded 
onto the surface of the phase shifters. The measured results were in good agreement 
with the Sonnet EM simulation and have shown a similar trend of curves as the 
simulation results of the BST-based tunable attenuator.   
 Chapter 7  
Conclusions 
7.1 Summary and Contributions 
Ferroelectric materials offer a variety of advantages over other competing 
technologies, such as ferrites, MEMS, and semiconductors in terms of cost, weight, 
and size, hence are particularly favoured for applications where rapid, continuous 
tuning and low power consumption is required. To date, no work on tunable 
attenuators using ferroelectric materials has ever been reported, as contrary to other 
extensively studied ferroelectric-based tunable microwave devices and components, 
namely tunable resonators, filters, and phase shifters.  
In response to these motivations, this research has demonstrated the 
developments of a tunable attenuator device based on Barium Strontium Titanate 
(Ba0.5Sr0.5TiO3 or BST) ferroelectric thin-film. The BST-based tunable attenuator in 
this work allows a significant reduction in size and weight, and most importantly, the 
use of ferroelectric material enables continuous variation of attenuation under 
controlled bias voltages. In addition, a much easier fabrication process is involved as 
the device is realised into one integrated planar circuit with only a single layer of 
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metallisation required for patterning. The topology of the tunable attenuator utilised 
the non-linear dielectric constant of the BST ferroelectric thin-film and employed the 
principle of constructive and destructive interference by integrating two tunable 
ferroelectric-based phase shifters in parallel to produce amplitude shifting or 
attenuation of the signal under appropriate controlled bias voltage.  
7.1.1 Finite Difference Method Computation 
A significant portion of this research was focused on the parameter 
computations, namely the effective dielectric constant (εeff) and the characteristic 
impedance (Zc), of ferroelectric-based transmission lines, The work on how the finite 
difference method (FDM), a computational technique, was modified to suit the 
evaluation of the cross-sectional field distribution of a ferroelectric-based 
transmission line has been presented in Chapter 4. The modified FDM was 
employed for determining the εeff and Zc of ferroelectric-based structures where the 
spatial variation of dielectric constant was taken into consideration with assumption 
of isotropic and homogenous materials/substrates used (εx = εy = εr). 
Extremely good agreement between FDM calculation, existing closed-form 
analytical models and Sonnet simulation results was observed when utilising a fixed 
value of ferroelectric dielectric constant. When allowing for spatial variation of the 
ferroelectric dielectric constant, the FDM calculation demonstrated the same trend as 
similar work reported by Sung et al. [119] where the finite element method was 
employed. The trend showed a generally lower Zc and higher εeff as compared to that 
of the assumed approximate constant value with a small percentage difference of 
approximately ~1 to 6% depending on the dimensions of the transmission lines. The 
small difference in the results indicates that the closed-form conformal mapping 
technique of assuming a fixed ferroelectric dielectric constant is valid for most 
practical cases. Nonetheless, the demonstrated methodology for determining 
accurate values of circuit impedance is a useful tool in enhancing the design and 
performance of ferroelectric based devices. A paper relating to this computational 
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technique has been published [33] and can be found in Appendix C. 
7.1.2 Dielectric Properties of BST Thin-film 
Prior to the integration of ferroelectric materials in the tunable attenuator 
circuit design, precise dielectric properties of BST thin-film were acquired. As 
outlined in Chapter 5, the fabrication and experimental measurements of the CPW 
and tapered CPW transmission lines on BST thin-film and MgO substrates have 
been performed. Characterisation of the BST dielectric properties using on-wafer 
probing was demonstrated at room temperature. The real part value of the BST 
dielectric constant ε′BST was found to be ~1800 at 0 V/µm and ~940 at 3.13 V/µm, 
achieving a high relative tunability nr of approximately 48%. In parallel with the 
characterisation of the BST thin-film, the CPW and tapered CPW transmission lines 
(which at the same time served as phase shifters of delay-line type) obtained phase 
shifts of 40° and 105°, with insertion loss better than 5.4 dB and 10.6 dB, resulting in 
figure-of-merit of 9.5°/dB and 14.4°/dB at 20 GHz respectively. 
It is difficult to accurately extract the losses or loss tangent due to the BST 
thin-film (tan δBST), another crucial dielectric property of BST thin-film, from the 
measured total loss of the device, which includes the loss attributed to the silver 
conductor. By estimating the tan δBST and using the dielectric constant values of the 
BST thin-film obtained from experimental characterisation, the performance of the 
CPW and tapered CPW transmission lines/phase shifters were modelled using 
Sonnet simulation software to reproduce the raw experimental data, i.e. the 
scattering-parameters. A reasonably close agreement between the simulation results 
using estimated tan δBST values and the experimental data was observed, particularly 
at lower frequencies and bias voltages under 40 V. This would suggest a good 
estimation of the loss tangent and extraction of the dielectric constant of the BST 
thin-film. The tan δBST values was estimated to be 0.12 at zero electric field (εBST ~ 
1800) and decreased to 0.06 at 3.13 V/µm (εBST ~ 940).  
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As a result of the very high loss tangent of the BST thin-film (tan δBST = 0.12), 
the loss attributed to the silver metallisation (or conductor loss αc) is comparable to 
the loss attributed to the BST thin-film (or dielectric loss αd) at frequencies below  
10 GHz, which is shown in Figure 3.6.1. 
The experimental work of the CPW and tapered CPW phase shifters was 
carried out as a preliminary step towards using BST thin-film for designing CBCPW 
phase shifters, which are key components in the tunable attenuator described in this 
research. The design and the associated simulated response of CBCPW phase shifters 
on both BST/MgO and Duroid substrates was investigated with the effect of 
increased air gap layer between the top-substrate and conductor interface found to 
significantly reduce the differential phase shift. 
7.1.3 Tunable Attenuator 
Chapter 6 presented the tunable attenuator device which employed CBCPW-
to-microstrip transitions, microstrip Wilkinson power splitter/combiner and two 
meandered CBCPW phase shifters in parallel to achieve a controlled attenuation. The 
proposed tunable attenuator was based on BST ferroelectric thin-film on an MgO 
substrate. The results from simulations of the BST-based tunable attenuator 
predicted a continuous attenuation (or controlled change of the insertion loss) in the 
limits from 5.5 dB up to 16.2 dB at 6 GHz with bias voltage up to 100 V or applied 
electric field up to 2.5 V/µm. The results were found to be promising when 
compared to a similar piece of work previously detailed in [32], where the reported 
tunable attenuator was realised using semiconductor tunable varactors in a cascade 
manner in order to achieve controlled attenuation.  
In order to verify the simulation results as well as the validity of the operating 
principle of the BST-based tunable attenuator, a similar design of tunable attenuator 
based on Duroid substrate was successfully designed and tested using on-wafer 
coplanar probes at room temperature. When employing a centre frequency of 6 
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GHz, the Duroid-based tunable attenuator showed a controlled attenuation in the 
limits from 0.9 dB up to 4 dB with different dielectric constant of top-substrate 
loaded onto the surface of the phase shifters. The measured results were in good 
agreement with the full-wave simulation and showed a similar trend of curves as with 
the simulation results of the BST-based tunable attenuator.   
The main contributions from this research can be summarised as, 
 Determination of key transmission line parameters (effective dielectric 
constant εeff and the characteristic impedance Zc) relative to practical line 
geometries/dimensions using the finite difference method. 
  Derivation of a modified finite difference equation to account for the non-
linear behaviour of ferroelectric-based transmission lines. 
 Design and operational simulation of a tunable attenuator on a ferroelectric 
thin-film coated substrate that allowed for continuous variation of signal 
attenuation under controlled bias voltages. Results were benchmarked against 
an equivalent design fabricated using Duroid substrate. 
7.2 Suggestions for Future Work 
Novel design concepts for a tunable attenuator integrating BST thin-film and 
MgO substrate have been proposed as a result of this research. However, the 
operating principle of the innovative BST-based tunable attenuator has only been 
demonstrated in this work using Sonnet simulations and verified through 
experimental measurements of a similar tunable attenuator design based on Duroid 
substrate. While the approach employed was valid considering the scope and 
technical constraints of the current project, it is nonetheless recommended that 
future testing be undertaken on an attenuator fabricated with BST substrate. The 
following work is also envisaged in order to further develop the ideas presented in 
this thesis: 
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 Optimisation of the tunable attenuator for wider-band operation and improved 
degree of controlled attenuation. The tunable attenuator introduced in this 
research was designed to operate at a centre operating frequency of 6 GHz, 
with acceptable level of return and insertion loss over a frequency range of 5 to 
7 GHz. Such band-limiting behaviour is due to the quarter-wavelength 
transmission sections of the Wilkinson power divider/combiner used in the 
circuits. For wider-band operation, additional transformer sections and 
isolation resistors would be required. Hence, further design or circuit 
optimisation is needed with a trade-off between band operation and physical 
size limitation, as well as consideration of loss factors. 
 Investigation of tunable attenuators using thicker or low-resistivity 
metallisation, such as high temperature superconductors (HTS) to improve 
insertion loss performance. As a significant portion of losses experienced in 
the tunable attenuator were attributed to conductor loss of the metallisation 
used in the circuit, results of incorporating thicker metallisation (typically 
several orders thickness of the skin depths) or the use of HTS is worthy of 
study. 
 Integration of BST varactors in the tunable attenuator circuit to achieve 
controlled attenuation. Use of loaded-line phase shifters with a BST varactor 
instead of conventional delay-line type phase shifters can drastically reduce the 
dielectric loss of BST thin-film and hence, improve the overall insertion loss 
performance of the tunable attenuator. 
 Optimisation of phase shifters which would enable maximum phase shift with 
relatively low bias voltage. 
 Investigation of simplified, via-less CBCPW-to-microstrip transitions on 
thicker substrates with improved insertion loss performance and reduced 
parasitic modes. 
 
 Appendix A : 
Approximations for Elliptic Integrals Ratio 
This section presents the approximations for elliptic integrals ratio of the first 
kind used in the compact closed-form analytical expressions as mentioned in Chapter 
3 in finding the effective dielectric constant εeff and the characteristic impedance Zc of 
coplanar lines, i.e. multilayer coplanar waveguide (CPW), conductor-backed coplanar 
waveguide (CBCPW) and dielectric-loaded CBCPW. 
An efficient and fast converging ratio for the complete elliptic integrals of the 
first kind ( ) ( ) ( ) ( )kKkKkKkK ′=′  can be evaluated to an accuracy of better than 
10-8 using the following expression [84]. Assuming 2km = , 21 1 km −= : 
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 Appendix B : 
Incremental-Inductance Method 
B.1 Introduction 
This section presents the derivation of the analytical expression for the 
conductor loss of conductor-backed coplanar waveguide (CBCPW) based on 
incremental-inductance method, as discussed in Section 3.6.1.  
The incremental-inductance method, an alternative technique for derivation of 
conductor loss, was first published in 1942 by Wheeler [138] and further developed 
by Pucel [96]. In Wheeler’s method [138], the series surface resistance per unit length 
Rs caused by the skin effect is expressed in terms of the inductance produced by the 
magnetic field within the conductors. The formulation is based on the fact that the 
surface impedance Zs of a conductor, 
jXRZ ss +=
 
(B.3)
has a real part Rs which is equals to its imaginary part X. That is, 
is LXR ω==
 
(B.4)
where Li is the internal inductance per unit length caused by a thin layer of current 
flow due to the skin effect. According to the ‘incremental-inductance rule’, Li can be 
derived as the increase in the external inductance per unit length L due to the 
incremental recessions of all conductive walls by half of the skin depth [96]. An 
assumption underlying this rule is that the radius of the curvatures and the thickness 
of the conductors exposed to the electromagnetic field are larger than the skin depth, 
preferably several skin depths. The internal inductance per unit length Li and series 
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surface resistance per unit length R can be expressed as [96]: 
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where ∂L/∂nm denotes the derivative of L with respect to incremental recession of 
wall m, nm is the normal direction to wall m, and Rs,m = ωµmδ m/2 is the surface 
resistance of the conductor wall m. The external inductance L can be expressed in 
terms of the characteristic impedance of the transmission line with the dielectric 
replaced by air aZ0  and is given as [77]: 
0
0
c
Z
L
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=
 
(B.6)
where c0 is the velocity of the electromagnetic wave in free space. 
The attenuation constant due to conductor or ohmic loss is defined as [77, 96]: 
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Pc, P(z) and Zc denote the average power loss in conductors, transmitted power in z-
direction (along the direction of propagation parallel to the strip conductor) and the 
characteristic impedance respectively.  
B.2 Conductor Loss of CBCPW 
Figure B.1 illustrates the recessions of the conductor surfaces in CBCPW for 
loss calculation using incremental-inductance method [98], where 
 
Appendix B: Incremental-Inductance Method 161 
∂w = -2∂n (recession of either edge of the strip) 
∂g  =  2∂n (recession of one edge of the strip and one of the in-plane grounds) 
∂t  = -2∂n (recession of top and bottom of strip conductors) 
∂h  =  ∂n (recession of bottom of strip conductors) 
∂h  =  ∂n (recession of conductor backing) 
 
Figure B.1: Recession of the conductors of CBCPW for loss calculation using 
incremental-inductance method [98]. 
As quoted from [96] when dealing with the ground of the microstrip, it is “on 
somewhat uncertain ground, however, in deciding whether the recession of the 
bottom surface of the strip conductor can be counted towards a recession in t as well 
as an extension of h”. It is assumed here for the coplanar waveguide as for microstrip 
in [96], by counting towards as a recession of t, a larger value of αc was obtained and 
has seemed to agree better with the measured results. 
The attenuation of CBCPW due by conductor loss as adopted from [98] can be 
expressed as: 
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where ssR  and 
G
sR  are the surface resistances on the strip and the conductor-backing. 
Assume Gs
s
s RR = . 
δn 
g w g 
h 
t 
δn 
δn 
δn 
εr 
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B.2.1 Narrow coplanar line 
For CBCPW with substrate thickness h much larger than the centre strip width 
w and gap width g, (h >> w and g), the conductor-backing has less effect on the fringe 
field of the coplanar conductors [98]. Therefore, the similar correction can be 
adopted for CBCPW as for the conventional CPW in [77]. The effective strip we and 
gap ge widths are defined as: 
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The attenuation of CBCPW due to conductor loss can be expressed as: 
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When the substrate is sufficiently thick, this attenuation approaches the one as for a 
CPW as expected. 
B.2.2 Wide coplanar line 
When w is comparable or larger than h, the fringe field will be greatly affected 
by the presence of the conductor-baking. In such a case, the aforementioned 
correction that only depends on w and t may not be valid. Instead, a correction 
depending on h and t can be used, which was mentioned in [98, 122]. 
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The conductor loss in this case is similar as equation (B.15), with the use of X1, 
Y1, X2 and Y2 from equation (B.19). The problem of this correction (∆′) is its 
divergence with increasing substrate thickness h. This also results in a divergent 
attenuation, which is physically unreasonable. So the valid range of this correction is 
restricted. It is believed that this correction is only usable when h is comparable or 
smaller than w. In addition, according to [74], this correction overestimates the 
characteristic impedance. 
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